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Treasurer.......... R. F. Jamison, H. D. Speyer* 


Board of Governors: R. F. Bauer, E. C. Blood, 
O. P. Bullock, E. G. Fahnestock, J. W. Kice 


Kansas City 


Organized 1917 
Headquarters, Kansas City, Mo. 


W. A. Reichow 
G. H. Stoffer 
J. G. Barnes, Jr 
Board of Governors: Carl Clegg, W. E. Howarth, 
. B. Mason 
Manitoba 
Organized 1935 
Headquarters, Winnipeg 
J. F. Bertram 
W. J. Atkinson 
A. K. Piercy 


Board of Governors: Einar Anderson, 
Atkinson, J. F. Bertram, C. M. Fleming, 
Ernest Lambert, A. K. Piercy, J. R. 
Stephenson 


* Filled unexpired term. 


Massachusetts 


Organized 1912 
Headquarters, Boston 


G. B. Torrens 
Hare 


L. 
Board of Governors: W. J. Ahearn, > w. Blair, 
John Bonner, C. H. Dow, G. D. Fife, L. R. 
Geissenhainer, A. L. Hare, u>? P. Licandro, 
F. A. Merrill, D. C. Miller, G. B. Torrens 


Memphis 


Organized 1944 
Headquarters, Memphis 


G. C. Burr 
A. T. Bevil 
H. H. Wilson 


Board of Governors: C. S. Fischer, O. S. Hum- 
phrey, N. C. Ledbetter, W. E. Thorpe 


Miami Valley 


Organized 1950 


Headquarters, Dayton, Ohio 
Vice- Presiden 
Secretary. . ida 
Board of Governors: R. C. 

F. S. Hamer, G. L. 


. Kimmel 

R. Budde 
Allen, T. I. Byrd, 
Leupold 


Michigan 


Organized 1916 
Headquarters, Detroit 
C. A. Strand 
Secretary H. Oberschulte 
Board of Governors: G. W. L. Davis, 


Ris Donohoe, D. Falk, D. L. Me- 
Conachie, R. H. Oberschulte, %. A. Strand 


Minnesota 


Organized 1918 
Headquarters, Minneapolis 


E. F. Snyder, Jr. 
Board of Governors: A. B. prea C. E. Gaus- 
man, G. J. Kendrick 
Montreal 
Organized 1936 
Headquarters, Montreal, Que. 
L. Lindsay 


Board of Governors: J. C. Hennessy, R. J. Kerr, 
R. R. i 


Noyes, R. A. Standring 


| 
Weaver 
Bergman 
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Local Chapter Officers—1951 (Continued) 


Nebraska 


Organized 1940 
Headquarters, Omaha 


President....... ..K. E. Martin 
Vice-President. S. W. Black 
Secretary......... ...O. J. Smith 
M. K. Rush 
Board of Governors: S. W. Black, G. W. Col- 


burn, W. B. Howard, K. E. Martin, B. G. 
Peterson, M. K. Rush, O. J. Smith 


New York 


Organized 1911 
Headquarters, New York 


P. B. Gordon 
Carl H. Flink 
W. M. Heebner 


Board of Governors: P. B. Gordon, J. B. Hew- 
ett, C. F. Kayan, J. E. Schechter, R. L. 
Stinard, Clifford Strock 


North Carolina 
Organized 1939 


Headquarters, Durham 
Vice-President. L. L. Vaughan 
J. A. Rice 


Board of Governors: M. F. DuChateau, Alton 
Skinner, Jr., W. H. Sullivan, Jr., R. M. 
Warren, Jr. 


North Texas 


Organized 1938 
Headquarters, Dallas 


R. G. Lyford 
R. E. Allison 
P. N. Vinther 
Board of Governors: Herman Blum, Jr., C. R. 


Gardner, H. G. Gregerson 


Northeastern Oklahoma 


Organized 1948 


Headquarters, Tulsa 
R. F. Shoemaker 
J. N. Watt 
F. M. Thomas 
oy of . E. R. Cooke, A. D. Holmes, 
iles 


Northern Ohio 
Organized 1916 
Headquarters, Cleveland 


Vice-President ..-R. E. Sherman 
Secretary....... -R. G. Huebscher 
L. C. Burkes 


Board of Governors: J. M. Black, D. E. Man- 
nen, W. M. Rowe 
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Oklahoma 
Organized 1935 
Headquarters, Oklahoma City 


President......... ..J. H. Carnahan 
S. J. White 
....W. J. Collins, Jr. 
F. X. Loeffler, Jr. 
Board of Governors: H. S. Shafer, J. H. Spaan, 
r., R. E. Swan 
Ontario 
Organized 1922 
Headquarters, Toronto 
J. H. Ross 
H. R. Roth 


Board of Governors: D. L. Angus, M. C. Bailey, 
J. H. Fox, N. W. Kingsland 


Oregon 


Organized 1939 
Headquarters, Portland 


R. P. Lankow 
W. R. Pindell 
Board of Governors: Dick Blankenship, R. C. 


Chewning, B. M. Thornburg 


Pacific Northwest 
Organized 1928 
Headquarters, Seattle, Wash. 


R. M. Stern 
W. B. Pride 
2nd Vice-President.............. R. R. Kirkwood 
H. T. Orebaugh 
T. C. Caskey 
Board of Governors: R. C. Lewis, M. W. Mc- 
Kinstry 
Philadelphia 
Organized 1916 
Headquarters, Philadelphia 

E. K. Wagner 
M. E. Barnard 
2nd Cc. F. Dietz 
A. M. Robinson 
L. M. Church 


Board of Governors: M. E. Barnard, L. M. 
Church, C. F. Dietz, C. J. Lubking, J. W. 
McElgin, A. M. Robinson, W. S. Scott, 
E. K. Wagner 


Pittsburgh 
Organized 1919 
Headquarters, Pittsburgh 


B. B. Reilly 
EES E. H. Riesmeyer, Jr. 
Cc. L. Benn 


Board of Governors: H. A. Biber, A. F. Metz- 
ger, O. L. Williams 


i 
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Local Chapter Officers—1951 (Concluded) 


Rocky Mountain 


Organized 1944 
Headquarters, Denver, Colo. 


B. H. Spurlock, Jr. 
N. H. Brickham 


Board of Governors: F. C. Allen, Fred Janssen, 
R. W. Petersen 


St. Louis 


Organized 1918 
Headquarters, St. Louis 


L. L. Hamig 
Ist C. H. Burnap 
2nd Vice-President.............++++- H. C. Sharp 
J. F. Naylor, Jr. 
G. H. Bemarkt 


Board of Governors: F. E. Ince, J. B. Kille- 
brew, J. S. Rosebrough, H. F. Wilson 


Shreveport 


Organized 1948 
Headquarters, Shreveport 


S. W. Beaty 
W. S. Evans 


—— of Governors: S. W. Beaty, W. Evans, 
C. Haas, R. M. Hood, P. O. cata 
B E. Segall, Jr., J. B. Struwe 


South Texas 


Organized 1938 
Headquarters, Houston 


R. J. Salinger 
C. L. Fleming 
E. G. Floeter, Jr. 
J. W. Holland 


Board of Governors: H. W. Broadwell, J. C. 
Lewis, F. M. Neil 


Southern California 


Organized 1930 
Headquarters, Los Angeles 


L. B. Davenport 
Cc. D. Walz 


Board of Governors: V. J. Burke, M. C. 
Greiner, E. D. Pierce, L. H. Wagenbrenner, 
D. D. Wile 


Southwest Texas 


Organized 1946 
Headquarters, San Antonio 


I. W. Wilke 
W. E. Long 
E. 


Board of Governors: F. C. Benham, J. G. Hop- 
ping, Jr., L. S. Pawkett 


Utah 
Organized 1944 
Headquarters, Salt Lake City 


A. R. Curtis 
Secretary-Treasurer.............. M. L. Gollaher 


Board of Governors: E. L. Baker, C. E. Fergu- 
son, E. V. Gritton, E. D. Smith, W. L. 
Stuewe, E. J. Watts 


Virginia 
Organized 1946 
Headquarters, Norfolk 


J. F. Boyenton 
Vice-President.... ....D. E. Phillips 
Secretary - J. E. Harding 


Board of Governors: E. R. Ervin, J. E. Harding, 
J. F. Reynolds, W. P. Robinson 
Washington, D. C. 
Organized 1935 
Headquarters, Washington, D. C. 


S. R. Allen 
P. H. Loughran, Jr. 


Board of Governors: I. M. Bortman, Rutcher 
Skagerberg, F. M. Thuney 
Western Michigan 
Organized 1931 
Headquarters, Grand Rapids 


V. H. Hillt, W. C. DeRoo* 
H. R. Limbacher* 
H. R. Limbacher 
P. D. Winchester* 
W. C. DeRoo 


Board of Governors: V. C. Dean, K. E. Robin- 
son, L. A. Tilford 


Western New York 
Organized 1919 
Headquarters, Buffalo 


T. F. Killeen 
Ist Vice-President............ J. M. 
Bad C. W. Stone 
R. E. Lang 
B. C. Candee 
Assistant Treasurer................ W. Kaupp 


Board of Governors: M. C. Beman, “ H. Bryce, 


Joseph Davis, W. R. Heath, S. M. Quacken- 
bush 
Wisconsin 
Organized 1922 
Headquarters, Milwaukee 

President........ 
Secretary.. 
N. 


Board of Governors: D. W. Nelson, F. es Nun- 
list, C. H. Randolph 


+ Moved. 
* Filled unexpired term. 
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Student Branch Officers—1951 


Louisiana Polytechnic Institute 


Organized 1949 


Headquarters, Ruston 
William McMullen 
heen Ashworth 


President 
Vice-President 


Treasurer 


North Carolina State College 


Organized 1948 


Headquarters, Raleigh 
Sydney Narvey 
Leonard Rubin 


President 
Vice-President 
Secretary 
Treasurer 


Oklahoma A & M College 


Organized 1950 


Headquarters, Stillwater 


2. Metzkier, W. E. Suchan, Jr. 
Murov, Norman Peck 

W. D. Jenkins 

. O. Crooks 


Oregon State College 


Organized 1949 
Headquarters, Corvallis 


Purdue University 


Organized 1948 


Headquarters, W. Lafayette, Ind. 
Stanley Kalfus, N. J. Kirch 
Stanley Jacobs 
R. Bement 
Secretary, H. F. Allen, Jr. 
J. N. Kirch, Melvin Kalfus 
Coordinator G. M. Bender 
A. M. Landerman 


Texas A & M 


Organized 1946 


Headquarters, College Station 
J. E. Schumann, J. O. Kadel 
Vice-President W. E. Richard 
W. E. Weatherby 
Pree A. G. Seelke, Jr., W. C. Haggard 


Secretary. . 
C. F. Cogan, Charles Luedtke 


Treasurer. . 


University of Detroit 


Organized 1949 


Headquarters, Detroit 


President G. H. Williams 
Vice-President Jr. 
Secretary- Treasurer H. Drake 
Reporter G. E Sanctorum 


University of Texas 


Organized 1949 
Headquarters, Austin 


President A. 
J. W. Paxton 


Secretary 
Treasurer 


=. Bulletset 
D. Cannon 


Vice-President 
Secretary-Treasurer 


University of Toronto 


Organized 1951 
Headquarters, Toronto, ag 
F. Spragg 
Secretarv-Treasurer........... J. E. G. Blaiklock 


| 
President......R. I 
Vice-President..... 
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TRANSACTIONS 
of 

THe AMERICAN Society OF HEATING 
AND VENTILATING ENGINEERS 


No. 1406 


FIFTY-SEVENTH ANNUAL MEETING, 1951 


PHILADELPHIA, PENNSYLVANIA 


HE 57th Annual Meeting of THE AMERICAN SociETY OF HEATING AND 

VENTILATING ENGINEERS was held in Philadelphia, Pa., with a total regis- 
tration of 1746, making this one of the largest annual meetings ever held by 
the Society. The registration consisted of: members 1009, guests 433, and 
ladies 304. In conjunction with the meeting, the 10th International Heating 
and Ventilating Exposition, at Convention Hall, was visited by 20,000 engineers, 
contractors, architects and others. 

Six technical sessions were held, one of which was a symposium on the sub- 
ject Man\and His Relationship To Air. The meetings and other functions were 
held at the Bellevue-Stratford, the Benjamin Franklin, and the Warwick Hotels. 

Highlights of the meeting were the get-together luncheon on January 22nd 
at the Beilevue-Stratford, with Dr. Lillian M. Gilbreth speaking on the subject 
Management Problems In The Home; Monday evening entertainment A Night 
With the Pennsylvania Dutch at the Benjamin Franklin Hotel; and the Annual 
Banquet in the grand ballroom of the Bellevue-Stratford on January 24th which 
presented Cameron Ralston, Gettysburg, with an address entitled The Plagues 
of Democracy. The past president’s emblem was presented to retiring president 
Lester T. Avery by past president and charter member Homer Addams. Presi- 
dent Avery announced that the F. Paul Anderson Medal had been awarded to 
Samuel R. Lewis, Chicago, Illinois, past president and life member of the 
Society and would be presented at a later meeting. 
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2 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


First Session, Monpay, JANuary 22, 9:30 A.M. 


President Lester T. Avery called the 57th Annual Meeting to order at 9:30 
A.M. and introduced John W. McElgin, Philadelphia Chapter president, who 
welcomed the members and guests. 

President Avery, on behalf of the Society officers and members, thanked Mr. 
McElgin for his cordial welcome and noted that the last meeting in Philadelphia 
had been at the beginning of World War II in 1942. The war had forced can- 
cellation of the 7th International Heating and Ventilating Exposition, but fol- 
lowing its end several shows had been held and today the Society was about 
to open the 10th Exposition. President Avery then presented his official report. 
In his report the president described the growth of the Society during the 
previous year both in members and in chapters. He noted the loss of three 
Society past presidents and leaders, Dr. E. Vernon Hiil, Chicago, Ill.; Dr. Willis 
H. Carrier, Syracuse, N. Y.; and William H. Driscoll, Syracuse, N. Y., and 
Jersey City, N. J. President Avery discussed his chapter visits and contem- 
plated the growth possibilities for the Society during the coming 5 years. He 
stated that through the chapter meetings the Society had a great opportunity 
to serve the public, and urged chapter members to bring in other professional 
and business groups when chapter speakers had a subject of particular interest. 
He concluded by saying that the papers and discussion at the meeting, together 
with the exhibits at the International Heating and Ventilating Exposition would 
all help to further the aims of the Society. 


REpPoRT OF COUNCIL 


As required by Section 46 of the Membership Corporations’ Law of the State of 
New York, the following report is presented and filed herewith. 


Assets 


The Society has the following Assets : 


Land and Laboratory Buildings at Cleveland, OWi0...0...0...............cccccccccccseesseesseeeeeesneeeceeseeeseeeeecees $ 81,012.89 
Furniture and Equipment, Tools, etc. at New York and Cleveland. ............0.....0..c0ccccccccceseseseeeee 38,553.40 
Securities (United States and Canadian Government Bonds) with Bankers Trust Company, 


The sources of Society Cash Receipts were: Admission Fees and Dues $113,169.57, 
Publications $155,787.55, from Research $143,528.20, Interest $1,049.89 and Miscel- 
laneous $290.00, making a total of $413,825.21. Cash Disbursements for Meetings, 
Committees and Chapters were $25,703.30, Publications $112,253.45, Headquarters 
$94,287.00, Research $174,636.17—Total $406,879.92. 
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The Society’s Reserve Fund was increased by the addition of $6,345.50 Admission 
Fees and $10,000.00 from the General Fund and Interest Earned on Savings Accounts 
and Securities of $1,431.48 in the Reserve Fund. Investment of $13,486.50 of the 
Reserve Fund in U. S. Government Savings Bonds Series “I” was made. 

Now in the Custodian Account of the Bankers Trust Company, New York, there 
are Securities of the United States and Canadian Governments—General Fund which 
cost $36,110.75, Reserve Fund $53,631.50 and F. Paul Anderson Fund $1,000.00. The 
Research Reserve Fund was reduced during the year by $10,000.00 to $21,252.46 to 
meet Operating needs. 


Liabilities 


The Society has the following liabilities : 


Accrued Salaries and Advertising Commiissions,........................:cc::scessessessceseeseeseeesaceneencenes 11,597.66 
Reserve for TRANSACTIONS. 7 28,646.94 


At the end of the fiscal year, October 31, 1950, the Balance Sheet shows the Society’s 
Net Worth as $327,700.33 compared to $300,797.28 on October 31, 1949, a net gain 
of $26,903.05. 

The Property funds covering the Laboratory Land and Buildings at Cleveland, 
Laboratory Equipment and Tools, Furniture and Fixtures at Headquarters, New 
York and Cleveland is $119,566.29. 

Fire Insurance of $151,000.00 is carried on Buildings, $40,000.00 on Contents, 
Sprinkler $11,000.00, also Comprehensive Bodily Injury $100,000.00-$300,000.00 and 
Auto Property Damage $5,000.00. Fidelity Bonds on Officers and all employees 
$20,000.00. Workmen’s Compensation is carried in New York and Ohio as required 
by law. 

The Society has contributed to the Employees Retirement Plan Trust $2,357.55 
and the participating employees contributed a similar amount. 

Total Cash in New York and Cleveland Banks $131,593.89, consisting of $84,762.91 
in the general operating fund, $6,454.23 in the Reserve Fund, $138.47 in the F. Paul 
Anderson Fund, $18,311.72 in the Research Fund, $21,252.46 in Research Reserve, and 
$674.10 in Research Endowment. 


Membership 


The Society admitted the following members in the grades indicated since January 
1, 1950: 


Associate Members. 94 
190 
Junior Members 305 
399 
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4 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


The names and addresses of the candidates for membership were published in the 
Journal of the Society each month during the year and are on record in the Secre- 
tary’s office. The present membership total is 8,312. 


Lester T. Avery, President 
Rec F. Taytor, Treasurer 
Dated New York, N. Y., January 22, 1951 


After President Avery’s report, Alfred E. Stacey, Jr., presented a special 
resolution on the passing of Dr. E. Vernon Hill, Mr. William H. Driscoll, and 
Dr. Willis H. Carrier, past presidents of the Society who had died during the 
year 1950. 


Wuereas, THE AMERICAN Society oF HEATING AND VENTILATING ENGINEERS has 
learned with deep sorrow of the passing on May 15, 1950 of Dr. E. Vernon Hill, their 
beloved fellow member and past president, and 

Wuereas, the Society has suffered the loss of a member of great distinction, one 
of the first of the medical fraternity to associate himself with the Society in the basic 
physiological approach for human comfort, a brilliant scientist whose accomplishments 
have received wide recognition, and 

Wuenreas, in his passing, the Society has suffered the loss of one of its outstanding 
members who was greatly respected for his pioneering in the medical approach to 
problems of the Society and his continuing activity and energy in connection there- 
with, and 

Wuereas, he will be remembered for his guidance and wise counsel in the early 
years of the Society’s research, his kindliness, his active mind and his wide interest, and 


Wuereas, THE AMERICAN Society oF HEATING AND VENTILATING ENGINEERS has 
learned with deep sorrow of the death on September 6, 1950 of their beloved member, 
William H. Driscoll, whose passing has taken one of the veterans in Society service. 
whose span of accomplishments covered nearly a half century, and who served as 
president and in manifold capacities through the years, and 

Wuereas, the Society has lost a man possessed of a deep sense of service as well 
as great engineering and executive ability, and 

WHEREAS, in his passing the Society has suffered the loss of his unselfish devotion 
to its work, his vision, and tremendous energy and enthusiasm which have left a 
lasting impression on the development and welfare of the Society, and 

Wuereas, his fellow members will miss his genial presence and his generous advice 
and wise counsel, and 


Wuereas, THE AMERICAN Society or HEATING AND VENTILATING ENGINEERS has 
learned with sincere sorrow of the passing on October 7, 1950 of Dr. Willis H. 
Carrier, their beloved fellow member and past president, and 

Wuenreas, the Society has suffered the loss of a member of great distinction; a 
pioneer in air conditioning; a brilliant engineer and scientist whose accomplishments 
have received world wide acclaim, and 

Wuenreas, in his passing the Society has lost one of its outstanding members who 
was greatly admired as a man and revered as a master in the field he had chosen for 
his life work, and 

Wuereas, he will be remembered for his modesty, kindliness, and loyalty as a 
friend, whose many splendid traits of character endeared him to all of our members, 


Tuererore, Be It Resotvep THAT WE, the members of THE AMERICAN SOCIETY 
or HEATING AND VENTILATING ENGINEERS, assembled at the 57th Annual Meeting at 
Philadelphia, Pa., hereby express our profound sorrow, our sense of great loss, and 
the high esteem in which their memory is held, and 
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Be Ir Furtuer Resotvep TuHAt this resolution of our esteem and heartfelt sym- 
pathy be placed in the Proceedings of the Society and a copy be sent to their families. 


RESPECTFULLY SUBMITTED, 


S. R. Lewis, Chairman 
Homer ApDAMS 
A. E. Stacey, Jr. 


The resolutions were adopted by a rising vote during which an interval of 
silence was maintained in memory of these distinguished Society members. 


Reg F. Taylor presented the report of the treasurer in which he compared 
the budget and finances of the Society in 1914 to the budget and expenditures 
of the fiscal year 1951. He also noted the growth in membership and the increase 
in net worth of the Society, and felt that the Society could be proud of its 
accomplishments. The Society members could take pride in the service that they 
had rendered their fellow-man, and could look forward to continuing and 
increasing that service. 


Accountant’s Report 
FRANK G. TUSA & CO. 


CERTIFIED PusLic ACCOUNTANTS 
37 Wall St. 
New York 5, N. Y. 


Tue American Society oF HEATING AND VENTILATING ENGINEERS 
51 Madison Avenue 
New York, N. Y. 


Gentlemen: 


Pursuant to your request, we examined the books of account and records of THz American Society 
or HEATING AND VENTILATING ENGINEERS—New York and Cleveland and its related funds for the fiscal 
year ended October 31, 1950, and submit herewith our report. 

The audit covered a verification of the Assets and Liabilities as of the close of business October 
31, 1950. For the fiscal year then ended, the recorded cash receipts were traced into the depositories; 
the cancelled bank checks were inspected and compared with the record of cash disbursements, and 
the disbursements were supported by payment vouchers. The dues from members and the interest 
from investments were accounted for. 

A balance sheet reflecting the financial condition of the Society as of the close of business October 
31, 1950 is submitted herewith and your attention is directed to the following comments thereon: 


The cash on deposit was verified by direct communication with commercial and savings banks and 
the balances reported to us were reconciled with those reflected by the books of the Society. A 
schedule of cash is included as a part of this report. 

Checks representing the cash on hand for deposit were inspected by us and the cash on hand 
was counted. 


MARKETABLE SECURITIES 


The securities shown on the subjoined schedule were verified by direct communication with the 
Bankers Trust Co., where same are deposited for safekeeping. Securities have been included in the 
ying bal sheet at the cost of acquisition plus the accumulated and accrued interest 


earned thereon. 
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6 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


Accounts RECEIVABLE 


Trial balances taken of the membership dues receivable and sundry debtors as of the close of 
business October 31, 1950 were classified and aged as follows: 


DUES RECEIVABLE 


MEMBERSHIP Amount 
Juniors... 

Students. 

AGING 

451.50 

61.00 

11.00 

SUNDRY DEBTORS 

Unpaid charges made prior to September, 1950.....0..............ccccccccccsssceccsssssssesscesscessessrersssessecssaceeecsessens 3,194.97 


After writing off all receivables known to be uncollectible, it is our opinion that the reserves for 
dues and accounts receivable doubtful of collection reflected in the accompanying balance sheet are 
ample to cover collection losses that may be incurred. 


Research General Funp Account RecelvaB_e 


The balance due to the Research General Fund from the Society as of October 31, 1950 represents 
40 percent of Dues Receivable from Members, Associates and Affiliates as of such date. 


INVENTORIES 


The following inventories were verified either by count or direct communciation: 


Volume Year Quantity Price Amount 
1-48 1895-1942 3,112 $ .40 $1,244.80 
49 1943 224 1.39 311.36 
50 1944 177 1.82 322.14 
51 1945 332 1.91 634.12 
52 1946 404 1.67 674.78 
53 1947 261 1.77 461.98 


$3,649.18 


A Schedule of Transactions inventoried follows: 
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Deposit RECEIVABLE 


The deposit placed with the United Air Lines in the sum of $425.00 was verified by direct com- 
munication. 
ADVANCES 


The indebtedness from employees in New York and Cleveland represents advances to the employees 
retirement plan in the sums of $1,433.46 and $985.77 respectively. This indebtedness is to be reim- 
bursed by the trust during the ensuing fiscal year. 


Dererrep CHARGES 


The following prepaid expenses comprise the deferred charges included as assets in the accompany- 
ing balance sheet: 


Prepaid Advertising Sales Promotion........................0:c.sscsssssssssrssssessssessesssesesees 1,200.00 
Prepaid Insurance Premiums—New 193.25 
Prepaid Insurance 724.26 


PERMANENT ASSETS 


The land and buildings, instruments, equipment and furniture and fixtures are reflected on the 
balance sheet at cost of acquisition. With the exception of land and buildings all assets have been 
depreciated at the rate of 10 percent per annum. During the year fully depreciated furniture and 
fixtures in the amount of $287.63 was written off against the reserve. 

In accordance with the resolution adopted by the Council at its meeting of January 23, 1949 
depreciation was not provided on the buildings for the current fiscal year. 


TAXes 
The sum of $552.70 represents Federal income taxes withheld from employees’ salaries during the 
month of October, 1950. 


AccrueD ACCOUNTS 


The salaries and commissions accrued as of October 31, 1950 have been computed by us in accordance 
with the Finance Committee report of April 8, 1948. Other accruals cover various expenses applicable 
to the current fiscal year. 


Dererrep INCOME 


The prepaid dues and initiation fees by members and candidates for membership have been de- 
ferred to future operations. The membership classification of the dues prepaid by elected members 
follows: 


MEMBERSHIP AMOUNT 


Juniors... 


$12,017.48 


The balance sheet of the Society also reflects as deferred income, balances in the various earmarked 
funds unexpended as at October 31, 1950. 


RESERVE FOR TRANSACTIONS 


Out of the sum of $12,000.00 budgeted for the publication of Volume 54 there remains a balance 
of $3,646.94 which is considered ample for the completion of this publication. In conformity with 
the 1949 and 1950 budgets reserves have been provided for the publication of Volumes 55 and 56. 
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8 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


Funps 


There is included as a part of this report an analysis of funds reflecting the changes that occurred 
therein during the fiscal year ended October 31, 1950. 


INSURANCE 


The insurance coverages of the Society follow: 


Fire— Buildings $151,000.00 
Fire—Personal! Property: 

11,000.00 
Comprehensive—Property Damage—Automobiles. 5,000.00 
Commercial Blanket Bond on all Employees including the President, Treasurer and 


Workmen's Compensation 


Respectfully submitted, 
FRANK G. TUSA & CO. 
Certified Public Accountants 


BALANCE SHEET 


Tue American Socrery or HeatinG AND VENTILATING ENGINEERS 
New York, N. Y. 
October 31, 1950 


ASSETS 
GENERAL FUND 
CasH 
On Hand and on 
SECURITIES 
At Cost (Market Value $38,400.97)............ 
Add: Accumulated 


$84,762.91 


$36,110.75 
2,267.05 38,377.80 
ACCOUNTS RECEIVABLE 
Membership Dues...... 


$15,809.01 
Less: Reserve for Doubtful............. 


12,000.00 3,809.01 
6,294.13 
1,000.00 


Advertisers and Sundry Debtors.......... 
Less: Reserve for Doubtful. 5,294.13 


Initiation Fees........ 77.00 9,180.14 
DEPOSIT WITH UNITED AIRLINES................ : 
ADVANCES TO EMPLOYEES PENSION TRUST... 
DEFERRED CHARGES...... 

RESEARCH GENERAL FUND 
CASH 

On Hand and on Deposit 
AccouUNTS RECEIVABLE 


14,679.96 
425.00 
1,433.46 
3,943.86 


18,311.72 


5,449.00 
4,000.00 1,449.00 


8,994.32 10,443.32 


Due from U. S. Navy Department... 


$152,803.13 


40% of Dues.................. 
Less: Reserve for Doubtful.......................... 


ADVANCES TO 


PROPERTY FUND 


Land and Buildings... 


Less: Reserve for 


Laboratory and Equipment (Cleveland).... 


Less: Reserve for Depreciation... 


Furniture and Fixtures—(New York).. 
Less: Reserve for Depreciation........... 


RESERVE FUNDS 
Cash on Deposit...................... 
Securities at Cost (Market Value 
Add: Accumulated Interest 


ENDOWMENT FuNDS 
F. PAUL ANDERSON FuND 


Add: Accrued Interest 


RESEARCH 
Cash on Deposit..... 


GENERAL FUND 
FEDERAL WITHHOLDING Tax 
DvuE 


DEFERRED INCOME 
Prepaid Membership Dues: 
Elected Members... 


Prepaid Admission Fees....... 
Past President’s Award........ 


RESERVE FOR PUBLICATIONS 
TRANSACTIONS—Vol. 54........... 
TRANSACTIONS—Vol. 55........... 
TRANSACTIONS—Vol. 56.......... 


RESEARCH GENERAL FUND 
DEFERRED INCOME 
Sound Energy Studies...... 
Summer Infiltration.......... 
Panel Heating Studies.............. 


57th ANNUAL MEETING PROCEEDINGS, 1951 9 
985.77 
724.26 30,465.07 
84,920.96 
3,908.07 81,012.89 
50,157.89 
18,693.93 31,463.96 
8,555.20 
2,065.76 6,489.44 
300.00 
300.00 119,566.29 
27,706.69 
53,631.50 
7,691.25 61,322.75 89,029.44 
138.47 
1,000.00 
12.50 1,012.50 1,150.97 
674.10 1,825.07 
$393,689.00 
LIABILITIES 
$ 552.70 
1,449.00 
$ 9,250.15 
2,347.51 11,597.66 
$12,017.48 
715.00 12,732.48 
1,753.00 
100.00 14,585.48 
3,646.94 
12,500.00 
12,500.00 28,646.94 56,831.78 
574.39 
500.00 
5,582.50 
2,000.00 
500.00 9,156.89 


Heat Flow Through Roofs... 


Securities.................. 

ACCRUED ACCOUNTS j 
Salaries and Commiss j 
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FUNDS 
Property Fund............. = 119,566.29 
67,776.98 
21,252.46 
1,150.97 
674.10 327,700.33 
$393,689.00 
CONDENSED COMPARATIVE BALANCE SHEET 
Tue American Society oF HeatinG aND VENTILATING ENGINEERS 
New York, N. Y. 
October 31, 1950 
October October Increase 
ASSETS 31, 1950 31, 1949 Decrease 
Cash on Hand and on Deposit................cccccccccccceceeeeceeees ’ . $131,593.89 $124,703.13 $ 6,890.76 
Securities (At Cost—Plus Accumulated Interest).............. ‘ 100,713.05 95,392.19 5,320.86 
Accounts Receivable (Less: Reserve for Doubtful)............... 18,174.46 21,396.43 ( 3,221.97) 
Inventory of Paper, Emblems, Etc......... pntebinti sieneueneines 14,679.96 4,670.68 10,009.28 
Deposits Receivable.......... 425.00 437.00 ( 12.00) 
Accommodations.......... 2,419.23 2,784.23 ( 365.00) 
Land and Buildings (Less: Reserve for Depreciation).......... 81,012.89 81,012.89 OO 
Laboratory Equipment, Tools, Furniture, Fixtures and 
Library (Less: Reserve for Depreciation)............................ 38,553.40 26,984.43 11,568.97 
TOTAL ASSETS.............. $392,240.00 $362,468.28 29,771.72 
LIABILITIES 
Federal Withholding Taxes..... 552.70 465.60 87.10 | 
Deferred Income: 
9,156.89 18,398.14 ( 9,241.25) 


14,585.48 4,328.19 10,257.29 
28,646.94 26,151.85 2,495.09 


Funps 
Property Funds...... $11,568.97 

F. Paul Anderson Fund.................... 1,150.97 1,123.58 27.39 

Endowment for Research Fund........ Saccestumaseieenel = 674.10 659.17 14.93 

Research Reserve Fund..... 21,252.46 30,560.06 ( 9,307.60) 
General Fund.............. 117,279.53 79,739.05 37,540.48 
NET $327,700.33 $300,797.28 $26,903.05 


TOTAL LIABILITIES AND $392,240.00 $362,468.28 $29,771.72 


Prepaid Dues, Initiation Fees, Etc................... | 
Reserve for Publication of TRANSACTIONG............... 
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STATEMENT OF INCOME AND EXPENSES 


Tue American Society oF HeatinG AND VENTILATING ENGINEERS 
New York, N. Y. 
For the fiscal year ended October 31, 1950 


INCOME 
INCOME FROM DUES 
$ 75,281.58 
562.50 $ 74,719.08 
Less: 40% to Research Fund...................... 29,887.63 $ 44,831.45 
72,830.17 
Less: Cancellations. 1,245.00 71,585.17 
Less: 40% to Research Fund...................... 28,634.07 42,951.10 
105A—AFFILIATEG....... 2,375.00 
Less: 40% to Research Fund...................... 950.00 1,425.00 
11,674.00 
2,814.00 
OTHER INCOME 
108—Admission 6,345.50 
109—Sales of Emblems,...................::sccseeeeee 648.25 6,993.75 
INCOME FROM PUBLICATIONS 
115—Editorial 23,500.00 
300—GuiweEs (Per Schedule Attached).......... 127,710.56 
117—Sales of 893.55 
118—Books, Reprints and Codeg.................... 1,832.14 153,936.25 


INVESTMENT INCOME 
125—Interest—Savings Banks........................ 382.91 


126—Interest—Securities. 1,042.47 1,425.38 
RESEARCH 
From A.S.H.V.E. 

40% of Members and Associates Dues...... $ 56,391.46 
From U. S. NAVY CONTRACT..........::sscsesseeseeee 25,504.90 
CONTRIBUTIONS GENERAL—PER SCHEDULE.. $ 6,445.00 

EARMARKED 

Received during the Current Fiscal 
Year—Per Schedule .  $ 46,709.29 
Add: Deferred from Prior Years. 18,398.14. $ 65,107.43 
Deduct: Deferred to Future Operations 9,156.89 55,950.54 
1950 ExposITION CONTRIBUTION. 15,757.13 78,152.67 
INTEREST 10.39 
$160,059.42 


TOTAL INCOME. $425,692.35 


— 
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EXPENSES 
COMMITTEES AND CHAPTERS—SCHEDULE F 
150—President’s 2,666.01 
151—Council Travel and Council Committee apenee.. 6,187.98 
170—Admissions and Advancement Committee Travel... 540.74 
171—Constitution and By-Laws. 195.61 
172—Nominating Committee 996.69 
173A—Chapter Speaker 2,497.06 
173B—Chapter Delegates Travel....... 4,077.97 
17,162.06 425,692.35 
173C—Chapter Relations Committee......... beste 360.69 
204—-Membership Certificates. 1,318.93 
205—Emblems... 529.62 


206— Medals and 172.80 19,644.10 


MEETING—SCHEDULE G 


163— Meetings............ 5,142.12 
327—Chapter Annual ond Semi- Annual Meeting Alinwenme 1,682.81 6,824.93 
PUBLICATION—SCHEDULE H 
200—Members Subscriptions to HPAC.............. 15,185.50 
202—T RANSACTIONS—Volume 56.................. 12,500.00 
203— Membership Roll.................... - 6,074.64 
108—Books, Reprints and Codes................ 1,636.66 
305—GutpE—Publication and Distribution ( Per Schedule 
HEADQUARTERS—SCHEDULE 

210—Salaries—Secretary and Staff............ 54,767.82 
211—Public Relations and Research Promotion.. 6,799.37 
212—Traveling—Secretary and Staff..... en 2,936.57 
213—Rent and Light...... 5,947.49 
214—Telephone ‘ 1,953.17 
215—Telegraph...... 448.23 
216— Postage... 5,008.86 
217—Printing and Stationery. 6,802.05 
219— Addressing and Address Changes. 552.70 
220— Professional Services........ A 4,092.65 
222—Insurance........ 163.64 

11—Depreciation of end Pastures. 797.22 
223—Office Expense 1,676.50 
224—Pension.... 1,279.46 93,275.83 

RESEARCH 

CHAIRMAN AND COMMITTEES 

Travel and Meeting Expenses P 1,855.19 

Chairman's Office Expenses 421.99 2,277.18 
STAFF SALARIES, Etc. 

Administrative and Technical Staff.... , 69,177.33 

Clerical Staff... ‘ ; 11,589.05 

Temporary and Part Time , 3,559.58 

Consulting Services Sodiie 5,557.20 91,151.23 
LABORATORY EXPENSES 

Staff Travel............ 6,026.53 

Postage........ 678.08 


Telephone and Telegraph lial 1,953.68 
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Mimeographing and 2,114.44 
525.25 
Laboratory Materials and Supplies..........0.......0..0.000.0000044 8,344.27 
Depreciation of Equipment and Fixtures 4,257.30 25,605.28 
119,033.69 160,059.42 
LABORATORY OPERATION AND MAINTENANCE 
Janitor’s Wages and Supplies.......... 2,506.29 4 
Building Insurance............ 943.77 
Building Alterations....... CEN 259.20 7,914.88 
Navy CONTRACT 
Travel (Committee).............. 209.36 
Travel (Staff).............. 239.47 
Materials and 7,562.97 18,680.91 
COOPERATIVE RESEARCH AGREEMENTS 
Case Institute of Technology......... 2,250.00 
Columbia University........... 800.00 
University of Minnesota... 4,200.00 
University of Illirois....... 6,419.29 
Kansas State College...... 3,600.00 
Michigan State College... 500.00 4 
University of Florida..... 1,000.00 18,769.29 164,398.77 
168,398.77 393,749.25 
31,943.10 
NET INCOME 
OTHER DEDUCTIONS 
Admission Fees Allocated to Reserve Fund.. : on , 6,345.50 
Provision for Dues Doubtful of Collection............. 7,276.12 
Provision for Accounts Receivable Doubtful of Collection... 747.70 
Loss Due to Difference in Canadian Rate of Exchange.............................. 102.98 14,472.30 
EXCESS OF INCOME OVER $ 17,470.80 
BUDGET COMPARISON—CASH RECEIPTS 
Tue American Society or HeatiNG AND VENTILATING ENGINEERS 
New York, N. Y. 
For the fiscal year ended October 31, 1950 ¥ 
Budget 
Duges—ScHEDULE A Actual Provision Increases Decreases 
CURRENT MEMBERS 
6A—Members................ $ 39,700.12 $ 45,000.00 $ $ 5,299.88 
6B—Associates.... 34,894.39 42,000.00 7,105.61 
6BB—Affiliates.............. 796.61 —0— 796.61 
6C—Juniors............ 7,727.49 8,000.00 272.51 
6D—Students........ ; ’ 1,934.00 1,800.00 134.00 
85,052.61 96,800.00 930.61 12,678.00 
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NEw MEMBERS 
104— 
105—Associates.. 
—Affiliates. 


PrioR YEARS DUES 
6E—Members.............. 
6F—Associates............ 
6G—Juniors.................. 
6H—Students.............. 


108—Admission 


DEFERRED INCOME 
6I—Prepaid unbilled 
—Prepaid billed Dues.................... 
6J—Prepaid Dues by Candidates.................... 
108A—Prepaid Admission Fees........................ 


PUBLICATIONS—SCHEDULE B 
115—Journal Contract............ 
300—GuinE Advertising.............. 
Copy Sales........... 
118—Books, Reprints and Codes..... 


INVESTMENTS—SCHEDULE C 
125—Interest—Savings Bank.. 
126—Interest—Securities......... 


OTHER RECEIPTS—SCHEDULE D 
109—Sale of 


RESEARCH LABORATORY RECEIPTS— 
ScHEDULE E 
40% of Members and Associate Dues............ 
Navy Research 


1,762.65 1,875.00 112.35 
2,142.15 1,875.00 267.15 
291.00 —0— 291.00 
1,338.50 500.00 838.50 
—0— 150.00 150.00 
5,534.30 4,400.00 1,396.65 262.35 
1,195.45 600.00 595.45 
1,599.23 900.00 699.23 
219.50 200.00 19.50 
16.00 90.00 74.00 
3,030.18 1,790.00 1,314.18 74.00 
93,617.09 102,990.00 3,641.44 13,014.35 
5,113.50 4,000.00 1,113.50 
1,258.83 500.00 758.83 
10,712.15 —0— 10,712.15 
715.00 1,000.00 285.00 
1,753.00 1,000.00 753.00 
14,438.98 2,500.00 12,223.98 285.00 
23,500.00 23,500.00 —0— 
71,014.15 58,000.00 13,014.15 
58,378.14 52,500.00 5,878.14 
901.09 1,000.00 98.91 
1,994.17 500.00 1,494.17 
155,787.55 135,500.00 20,386.46 98.91 
381.72 300.00 81.72 
668.17 500.00 168.17 
1,049.89 800.00 249.89 
290.00 500.00 210.00 
—0— 12,500.00 12,500.00 
290.00 13,000.00 12,710.00 
55,709.51 61,500.00 5,790.49 
46,709.29 60,000.00 13,290.71 
6,445.00 10,000.00 3,555.00 
15,757.13 —0— 15,757.13 
18,347.59 37,500.00 19,152.41 
559.68 —0— 559.68 
143,528.20 169,000.00 16,316.81 41,788.61 
$413,825.21 $427,790.00 $ 53,932.08 $ 67,896.87 
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BUDGET COMPARISON—CASH DISBURSEMENTS 


Tue American Society or HEATING AND VENTILATING ENGINEERS — New York, N. Y. 
For the fiscal year ended October 31, 1950 


COMMITTEES AND CHAPTERS—SCHEDULE F 
150—President’s 
151—Council Travel and Committee Expense 
170—Admission and Advancement Com- 


171—Constitution and By-Laws.................. 
172—Nominating 
173A—Chapter Speakers....... 
173B—Chapter Delegates 
173C—Chapter Relations Committee............ 
201—ASA Membership Dues................ 
204—Membership Certificates... 


MEETINGS—SCHEDULE G 
327—Chapter Meeting Allowance.................. 


PUBLICATIONS—SCHEDULE H 

200—Journal 
202—TRANSACTIONS—Volumes 54 and 56...... 
TRANSACTIONS—Volume 56.................... 
203— Membership Roll ‘i 
208—Books, Reprints, 

305—325—GuIbE Publications and 


HEADQUARTERS—SCHEDULE I 
210A—Social Security 
211—Public Relations and Research Pro- 


212—Travel, Secretary and Staff.................... 
213—Rent and 
214—Telephone.......... 


217—Printing and Stationery.......................... 
219—Addressing and Address Changes. aa 
220—Professional 


11—Furnit 
223—Office 


15 
Budget 
Actual Provision Increases Decreases 
$ 2,384.96 $ 3,000.00 $3 615.04 
6,625.57 7,500.00 874.43 
540.74 750.00 209.26 
195.61 100.00 95.61 
996.69 1,500.00 503.31 
2,025.79 2,000.00 25.79 
4,077.97 4,500.00 422.03 
352.02 600.00 247.98 
100.00 100.00 
1,189.60 750.00 439.60 
216.62 1,000.00 783.38 
172.80 250.00 77.20 
18,878.37 22,050.00 561.00 3,732.63 
5,142.12 5,500.00 357.88 
1,682.81 2,000.00 317.19 
6,824.93 7,500.00 675.07 
15,089.40 15,000.00 89.40 
8,688.47 15,000.00 6,311.53 
12,500.00 12,500.00 
6,074.64 5,000.00 1,074.64 
1,727.08 500.00 1,227.08 
80,673.86 67,500.00 13,173.86 
112,253.45 115,500.00 15,564.98 18,811.53 
54,639.82 67,600.00 12,960.18 
500.00 500.00 
6,£20.29 8,500.00 1,679.71 
2,936.57 3,000.00 63.43 
5,825.36 8,850.00 3,024.64 
1,845.11 1,500.00 345.11 
571.93 500.00 71.93 
5,015.64 4,500.00 515.64 
77,654.72 94,950.00 932.68 18,227.96 
6,777.12 5,000.00 1,777.12 
407.60 500.00 92.40 
4,892.65 3,000.00 1,892.65 
50.10 500.00 449.90 
130.2 500.00 - 369.71 
1,453.66 1,500.00 46.34 
1,641.40 1,500.00 141.40 
1,279.46 1,500.00 220.54 
94,287.00 108,950.00 4,743.85 19,406.85 
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206— Medals and 

=a 

q 
n 

4 
222—Ins 


16 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


RESEARCH—SCHEDULE J 


Research Committee Expenses................ i 2,277.18 2,500.00 222.82 
Staff 91,151.23 98,450.00 7,298.77 
Laboratory Operation and Maintenance.... 7,133.00 9,000.00 1,867.00 
Cooperative Contracts.......... 18,769.29 22,500.00 3,730.71 
‘ 18,680.91 26,250.00 7,569.09 
174,636.17 203,750.00 29,113.83 

TOTAL DISBURSEMENTS....... . $406,879.92 $457,750.00 $ 20,869.83 $ 71,739.91 


There were three technical papers presented at the first session (see program 
p. 32). A resolutions committee was appointed at the close of the session by 
President Avery with instructions to report at the final session, consisting of 
S. W. Beaty, Chairman, Shreveport, La.; R. C. Chewning, Portland, Oregon; 
I. W. Cotton, Indianapolis, Indiana. 


Seconp Session, Tuespay, JANUARY 23, 9:30 A.M. 


First Vice-Pres. L. E. Seeley presided at the second session and called on 
H. K. Jennings of the Board of Tellers of Election for his report. 


Report OF TELLERS OF ELECTION 


BALLOT FOR OFFICERS Tota 
President, L. E. Seeley, Durham, N. H................. .. 1837 
Ist Vice Pres., Ernest Szekely, Milwaukee, Wis...... 1837 
2nd Vice Pres., Reg F. Taylor, Houston, Tex..... a ‘ . 1837 
Treasurer, H. E. Sproull, Cincinnati, Ohio 1840 
MEMBERS OF CouNciL (Three-Year Term) 
J. H. Fox, Toronto, Ont., Canadia............ win . 1837 
L. N. Hunter, Johnstown, Pa................... . 1840 
N. H. Peterson, San Francisco, Calif..... 
B. H. Spurlock, Jr., Boulder, Colo........ 1839 
Total Legal Ballots...... 1841 
Scattering votes: 
President.................. 4 
1st Vice President.. 4 
1 
Committee on 3 
COMMITTEE ON RESEARCH (Three-Year Term) 
A. B. Algren, Minneapolis, Minn........ . . 1838 
John Everetts, Jr., Philadelphia, Pa. , . 1839 
T. H. Smoot, Marshalltown, Ia....... . 1839 
T. A. Walters, Detroit, Mich........... 


RESPECTFULLY SUBMITTED, 


H. K. JENNINGS, Chairman 
E. A. Dusossoit 
J. S. KEARNEY 
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After two technical papers were presented, R. C. Cross, Chairman of the 
Committee on Research, gave his report which follows: 


ANNUAL REPORT OF COMMITTEE ON RESEARCH—1950 


T Is a pleasure, and a privilege to have this opportunity to present to the members 
of the Society a report of the Committee on Research for the past year of operation. 
Our Society is unique in the respect that it is the only professional Society which 
supports its own Research Laboratory, and the research program very properly should 
be of interest to each and every member of the Society. It is the proportionate allot- 
ment of membership dues that supports the research program to a large part and 
because of this, the Committee on Research feels that it has a very definite obligation 
to the members as well as to the Society in general and to the art of heating, venti- 
lating, and air conditioning. 

Consistent with the general development of the industry and the increasing mem- 
bership of the Society, it might be well to note the increase in the dollar volume for 
research expenditures from a low of approximately $32,000 in 1942 to last year’s 
figure of $160,000. 

Your attention is called to the increase in projects over the past 10 years from a 
low of 13 projects in 1943 to 35 projects in 1950. The laboratory staff has increased 
from a low of 5 members to its present complement of 25 persons. These data are 
presented as a general review of progress during the past 10 years, and would indi- 
cate a normal, healthy growth. 

During the year 1950, the research program has been actively coordinated by 19 
Technical Advisory Committees. Twenty-five Technical Advisory Committee meetings 
were held during the year with 189 members present, and 120 visitors attending. The 
Committee on Research held three meetings with 42 members and six visitors in atten- 
dance. Three meetings of the Research Executive Committee were held. All of this 
activity is indicative of the interest and enthusiasm of the members of these com- 
mittees, and when one considers the fact that the services of these men are purely 
voluntary, it is the debt of the general membership to these groups which must be 
gratefully acknowledged. 

The following projects were completed at the Research Laboratory during the 
year 1950. 


. Measurements of heat flow through unshaded sunlit glass. 
. Development of design heat flow data, including over-all coefficients, for unshaded sunlit glass 
three latitudes and one season. 
Revision of THe Guipe Chapter on Cooling Load to include above data. 
. Investigation of convection conductances for a flat surface exposed to the natural wind. 
Development of new psychrometric chart and its inclusion in THe Gutpe 1951. 
. Development of simple heated thermocouple anemometer. 
. Survey and analysis of available information on energy losses in 90 deg duct elbows. 
. Revision of THe Guipe Chapter on Air Duct Design to include data from above. 
. Field studies of heat losses from concrete floor panels. 

10. Laboratory studies of the thermal characteristics of four plaster panels. 

11. Studies, by electrolytic analogue, of heat flow through a concrete slab on earth with tubes 
tangent to the slab-earth interface. 

12. Investigation of the Combustion Reference Test Unit as a means of rating fuel oils (in coopera- 
tion with the Oil-Heat Institute). 

13. Measurement of fuel oil smoke density as part of the instrumentation for the Combustion 
Reference Test Unit. 


ne 


fo! 
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In addition, two cooperative projects were completed: 


Case Institute of Technology—Comparative study of ventilating jets from various types of outlets. 
Columbia University—Electric Analogger studies on panels with imbedded tubes. 
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At the present time, there are 23 projects in progress at the Laboratory related 
to the following fields of interest: 


Solar Heat Gain and Shading Effects 


1. Investigation of variation of diffuse solar radiation incident upon variously oriented vertical 
surfaces. 

2. Relationship of direct and diffuse irradiation of horizontal surfaces and solar altitude. 

3. Analytical and experimental investigation of the effects of various types of sunshades on heat 
flow through sunlit glass. 

4. Film coefficients for low air velocities. 

5. Studies with a convection-compensated radiometer. 

6. Preparation of bulletin summarizing research on heat flow through glass. 


Panel Heating and Cooling 


7. Electrolytic analogue studies of concrete panels. 

8. Field studies of heat losses from concrete floor panels. 

9. Field studies of heat flow from plaster panels. 

10. Completion of calorimeter room and installation of equipment. 

11. Development and construction of special instrumentation for calorimeter room. 

12. Study of the nature and quantitative value of heat exchange from a floor or ceiling panel 
with temperature of all other surfaces controlled. 


Air Distribution 


13. Completion of literature survey on the fundamentals of ventilation jet behavior. 
14. Study of isothermal jets discharging into a large space. 

15. Investigation of turbulence in isothermal air movement. 

16. Development of turbulence intensity indicator. 

17. Development of probe for remotely establishing direction of air velocity. 


Air Cleaning 
18. Study of factors influencing development of standard methods for testing air cleaning devices. 


Odors 


19. Planning of odor-free test rooms and development of program for study of relationship of 
principal physical characteristics of air to development and perception of odors of varying types 
and levels. 


Cooling Load 


20. Development of thermal circuit diagram to give schematic representation of factors that influence 
the instantaneous load in an air conditioning system. 


Heating Load 


21. Completion of apparatus for measurement of infiltration or air change by tracer gas technique. 


Sorbents 
22. Field studies to check applicability of proposed method for testing sorption-type dehumidifiers. 


Human Calorimetry (O.N.R. Contract) 


23. Continuation of assembly, construction and instrumentation of component parts of human 
calorimeter and auxiliary equipment. 


It has been a practice for some years for the Society to round out the research 
program beyond the limitations of the Research Laboratory by the conduct of research 
projects in cooperation with institutions of learning. It is felt that this is a healthy 
program, and the Committee on Research for the past year has attempted to strike 
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a balance between the work in progress at Cleveland and that being conducted else- 
where. There are nine cooperative projects now under way. The institutions and the 
projects are listed in the Director’s report. 

The policy of carrying on certain projects by means of Society sponsored fellowships 
at Universities has been reactivated during the past year to a certain extent. At the 
moment, fellowships have been established at the University of Minnesota and at 
Pennsylvania State College. 

Consistent with the expansion of the program and the normal growth of the Labo- 
ratory, there have been significant additions to the Laboratory equipment in Cleveland. 
Those who have had the opportunity to visit the Laboratory during the past year 
have seen this in detail, but I would point out several of the more outstanding addi- 
tions that have been made. 

One of the most useful and valuable additions to the facilities is the new calorimeter 
room, which is well under way and will be available for active use within the near 
future. Essentially this is a room 25 ft X 12 ft with an adjustable ceiling in heights 
up to 12 ft. The room, with auxiliary equipment, consisting of compressors, a silica 
gel dehumidifier, heat exchangers, and accessory equipment and instrumentation will 
represent an investment of approximately $50,000. The Society is grateful to many 
friends in industry for donations of equipment or for providing equipment at favorable 
prices with prompt delivery, which expedited the building of this facility. 

Another item of considerable interest and value to the program is the human calori- 
meter which has been constructed in connection with the program for the Office of 
Naval Research. 

In addition to the supervision of the research program during the past year the 
Director of Research has assisted in fund raising activities and research promotion 
efforts. Although no special appeals have been made and booklets issued as in pre- 
vious years, the Society has received contributions for the fiscal year amounting to 
approximately $53,000. I should like to take this opportunity to acknowledge Mr. 
Tasker’s part in these efforts. 

Although not directly a part of the 1950 research program, it should be of interest 
to the members to learn that, after considerable discussion of possible methods of 
raising funds for research, a special committee of Council, a Ways and Means Com- 
mittee, has been appointed. This committee will assume the responsibility of fund 
raising under the general guidance of the Finance Committee of Council. 

Considerable effort was expended during the fiscal year 1950 by the Committee on 
Research, and particularly by a sub-committee headed by I. W. Cotton, on the 
formulation of a long-range research program. The establishment of such a program 
is essential for presentation to the group assigned the responsibility of raising funds 
for research. It seems reasonable to presume that in order to raise funds for research 
properly, a well planned program must be presented to prospective donors. We should 
ever keep in mind our obligation to the membership, to industry, and to the art of 
maintaining the highest quality in the research program, and keep within the bounds 
of a carefully planned and balanced program. 

The critical international situation that confronts us today has already shown indi- 
cations of its possible effects on both the staff and the program. The services of 
the Society’s research staff were made available to, and used by the nation in World 
War II. It is hoped that there will be opportunities to put our particular skills and 
knowledge to use for the common good once again. 

It has been the practice in the past, and this report may be considered representa- 
tive, for the Committee on Research to report officially to the members at the Annual 
Meeting of the Society. Some thought is being given to the desirability of more 
frequent reports of the status of the program, possibly through the Society JourRNAL. 

In 1949 the membership was polled as to its interests and desires for projects to 
be considered in the research program. This information has been most helpful in 
guiding the deliberations of the Committee on Research for the past two years. It 
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may be desirable that this be done at periodic intervals in order that the reaction of 
the members to the program itself, and to advances in the art may come to the Com- 
mittee on Research without undue delay. This matter, likewise, is being considered. 

The solicitation of your ideas merely substantiates the belief that this is your Society, 
and this is your program supported by your money. It has been the aim of the 
Committee on Research during the past year to meet your ideas to the best of its 
ability. 

In closing, I would like to pay tribute to the other members of the Committee on 
Research and to the numerous members of the Technical Advisory Committees, who 
have given so untiringly of their time and effort in the past year’s program. Their 
invaluable contribution is deeply and gratefully acknowledged. 

Finally, I wish to pay tribute to Cyril Tasker, our director of research, whose 
enthusiasm, purpose, and grasp of the situations arising in the administration of the 
research program have been a major contribution to whatever success the research 
program may have achieved in the year 1950. 


Report OF THE Director OF RESEARCH 


As reported by Cyril Tasker, Director of Research, the year 1950 was marked by 
continual activity. For most of the year, more projects were on the program than 
there was competent staff in Cleveland to attack them or qualified institutions able 
and willing to assist. The Staff strove to maintain the quality of the program and 
to resist the temptation to replace quality with quantity. 

The record for 1950 should not be measured only by the papers presented at the 
1950 Semi-Annual Meeting and at the 57th Annual Meeting. The results of much 
of the work will come to light when THE GuipE 1951 is published 


EQUIPMENT 


The growing dollar value of our inventory of apparatus and equipment is a poor 
yardstick by which to evaluate it. Most of the apparatus and equipment now in 
use has a high use factor and expensive pieces of equipment are moved as needed from 
project to project. 

No major improvements were made to the property in 1950 but it is being main- 
tained in good condition. 


Stup1ies AT CLEVELAND LABORATORY AND COOPERATING INSTITUTIONS 


Brief reviews of the projects underway at the Cleveland Laboratory and at the nine 
institutions: cooperating in the 1950 program are arranged under a number of general 
headings. Fuller details are given in minutes of the Technical Advisory Committees 
and in progress reports. Visits of Society members to the Laboratory and visits of 
staff members to organizations within the industry, to our technical meetings, and 
to meetings of other Societies and associations help to maintain that close liaison 
between the research staff and industry that is so important. It has been the writer’s 
privilege to be able to make more personal contacts in 1950 than in previous years 
and to gain thereby a better appreciation of the part that the Society’s research work 
can play in the future of this growing industry. 


Air FLow ANp DistRIBUTION 


Studies coming under the general direction of the TAC on Air Distribution con- 
tinued to occupy an important place in the program. 

Air Flow: At the Laboratory, D. W. Locklin completed an extensive survey and 
analysis of information available in the American and foreign technical press on 
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energy losses in 90-deg duct elbows. This method of approach, yielded empirical 
correlations and data which are quite satisfactory for most engineering uses. The 
chapter on Air Duct Design for THE Guipe 1951 has been revised to include these 
data. The survey should be extended to cover losses in vaned elbows, compound 
elbows and elbows involving change of area. 

At Michigan State College, under Lorin G. Miller, studies on the resistance to the 
flow of air offered by various types of take-off fittings from a rectangular main 
have continued. These studies present a number of difficult experimental problems, 
as well as the problem of presenting the results in a simple usable form. 

Room Air Distribution: Studies have continued at the laboratory, at Case Insti- 
tute of Technology, and at Kansas State College. The work at the Laboratory, under 
H. B. Nottage, has for its objective the establishment of reliable data, both funda- 
mental and practical, on the movement of air arising from the introduction of venti- 
lating jets into confining spaces under non-isothermal conditions. Variables include 
the size and arrangement of the confining space, the volume of air handled, the initial 
jet velocity, the turbulence intensity and the temperature difference relative to the 
surrounding air. Special equipment has been provided and a fundamental attack is being 
made on these problems. A comprehensive literature survey on the fundamentals of 
ventilation jet behavior is being prepared. 

As part of the instrumentation for these studies, a new type of heated-thermocouple 
anemometer was developed and the methods of construction and use reported in a 
paper! at the June Meeting. The staff working on this project have also developed 
a probe for remotely establishing the direction of air velocity. A device to measure 
turbulence intensity was developed and is in regular use; details will be published 
later. Smoke trail techniques for determining velocity directions at extremely low 
velocities have been perfected and used in this work. 

Case Institute of Technology—G. L. Tuve and his colleagues presented the results? 
of a comparative study of ventilating jets from various types of outlets and showed 
that a single simple method could be used in most cases. Later, A. Koestel and 
Chia-Yung Young, both of Case Institute of Technology, submitted a paper on The 
Control of Air Streams from a Long Slot. It presented a method of obtaining uniform 
air discharge along the entire length of a long slot in the side of a supply duct. 
Theoretical flow equations were developed and verified by experiment and a prac- 
tical means of application suggested. 

Current studies are concerned with the investigation of annular slots, ceiling plaques 
and circular diffusers. 

Kansas State College—Studies on the downward projection of heated air are being 
carried on under Linn Helander with the cooperation of the Industrial Unit Heater 
Association. During the year tests have been made of the maximum blow from 
standard A.S.M.E. nozzles, 8 in., 10 in., 12 in., 14 in., and 17 in. in diameter with 
initial velocities ranging from 13 to 53 fps and initial temperatures ranging from 
156 F to 264 F. From the data secured, a formula for maximum blow has been 
developed which it is expected will provide data of practical value for design pur- 
poses over a fairly wide range. The studies are continuing. 


PHYSIOLOGICAL RESEARCH 


Human Calorimetry (O.N.R. Contract): The 1949 report gave details of the design 
of the calorimeter and other component parts. At the year end the calorimeter shell 
had been assembled, and some of the piping completed; equipment for the flow 
circuits for the calorimeter and the ventilatory air had been delivered. A great deal 
of work had also been completed on the heat metering layers. 

The original contract with the O.N.R. expired on June 19, 1950 and was replaced 
with a new two-year contract. 


S.H.V.E. Research Report No. 1402—A Simple Rs: Ther ple A ter, by H 
Mestans (A.S.H.V.E. Transactions, Vol. 56, 1950, p. 
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Environmental Effects: Studies at the College of Medicine, University of Illinois, 
were continued. The research grant-in-aid of the National Institutes of Health, U. S. 
Public Health Service, was renewed for the period July 1950 to June 1951. Society 
funds were added to this grant. 

These studies were planned to determine the existence or absence of physiologic 
strain in normal and abnormal subjects as shown by an alteration in energy require- 
ment or initiation of a patho-physiologic process. The subjects were moved from a 
comfortable room to a hot room and back. Additional tests were made with healthy 
subjects to evaluate recently established ideas of strain. 

The study of effects of summer weight clothing on the physiologic adjustments to 
movement from comfortable to hot environment and back has been completed on 8 
normal young women subjects. No gross evidence of strain was obtained. j 

Work is in progress on other cases including obese and cardiac patients; patients 
with impaired circulatory mechanisms; and effects of humidity on healthy young men. 


Heat Ftow anp Heat TRANSFER 


Heat Transmission Through Glass: The planned experimental work on measure- 
ments of heat flow through unshaded sunlit glass of various types was virtually 
complete early this year. The paper? on solar energy transmittance of figured rolled 
glass, completes the reporting of the main details of these studies, which have been 
under way for several years. Several supplementary investigations were undertaken 
during the year. For example, a study was made of convection conductances for a 
flat surface exposed to the natural wind. The heat transfer surface was a single sheet 
of glass of known solar absorption characteristics. This was installed in the calori- 
meter, which supplied the heat. and was exposed to winds of various velocities. 
Measurements were made with the surface parallel to, perpendicular to, and sheltered 
from the wind flow. These data were necessary in determinations of solar absorp- 
tances from previously obtained test data on glass block and configurated glass. 

In order to facilitate the development of design heat flow data for sunlit glass, 
a considerable number of observations were made of the variations of diffuse solar 
radiation incident upon variously oriented vertical surfaces. A graphical relationship 
was developed between these values, similar data for a horizontal plane, and the alti- 
tude of the sun. Analysis of solar data obtained during the past few years developed 
other useful relationships between direct and diffuse irradiation of horizontal surfaces 
and solar radiation. 

The results of another investigation, made to determine the possible relationship 
between diffuse transmittance by a sheet of glass and its orientation with respect to 
the sun, seemed to indicate a systematic variation, with incident angle of the order 
of 10 percent hetween zero and 90 deg incidence. 

A paper which summarized the Society’s work in fields related to solar heating, 
particularly the glass heat-flow research, was presented by G. V. Parmelee to the 
M.I.T. Symposium on Space Heating by Solar Heat held in Boston in August 1950. 

Design Data on Heat Flow Through Glass: Considerable progress was made in 
the development of usable design data. The paper? on heat flow through unshaded 
glass—design data for use in load calculations, gave design values of overall coeffi- 
cients and considerable data on solar heat gain. The latter were greatly extended and 
prepared by the Laboratory staff for the chapter on Ceoling Load in THe Guine 1951. 

Steps are being taken to summarize in a research bulletin all additional design data 
as well as experimental data and other information heretofore unpublished. 

Convection-Compensated Radiometer: Previous annual reports have mentioned the 
development of an instrument to measure incoming radiation from all sources. This 


3 A.S.H.V.E. Research Report No. 1417—Solar Fnergv Transmittance of Figured Rolled Glass, by 
G. V. Parmelee and W. W. Aubele (A.S.H.V.E. Transactions, Vol. 57, 1951, p. 209). 


*A.S.H.V.E. Research Report No. 1399—Heat Flow Through Unshaded Glass—Design Data for 
= in — Calculations, by G. V. Parmelee and W. W. Aubele (A.S.H.V.E. Transactions, Vol. 56, 
1950, p. 371). 
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equipment has been in use for the greater part of 1950; many observations have been 
made. A paper describing the instrument and the application of data secured with it is 
now in preparation. 


Shading Studies: An analytical approach to the evaluation of the effects of various 
types of sunshades was started in 1950 followed by experimental work in the sum- 
mer and fall. For the present, emphasis has been placed on the slat type of shade. 
Tests have been conducted on slats of two colors, each at two different slat angles. 
These results are now being compared with the analytical treatment, whick will be 
extended in the coming year. This comparison requires spectral reflectance data, 
which are being secured by a commercial laboratory. Tests for absorption of the 
total solar spectrum are being made at the Laboratory. It is anticipated that this 
approach to the very complex problem of shading will result in generalized solutions 
applicable to the large number of glass-shade combinations. 

As in previous years, financial and technical support was given to these studies 
during 1950 by organizations in the glass industry and some segments of the air 
conditioning industry. This year some oi the prominent organizations in the shading 
industry also supported these studies. 


Cooling Loads—Periodic Heat Flow: C. O. Mackey is continuing his studies at 
Cornell University with the sol-air thermometer. A careful analysis of the data on 
sol-air temperatures for New Orleans, developed under a cooperative research con- 
tract with Tulane University, and the data previously published for New York City 
and Lincoln, Nebr., showed that it would be advisable to correlate all these data and 
get them onto a common footing. 

At the Semi-Annual Meeting, R. H. Heilman and R. W. Ortmiller of Mellon 
Institute of Industrial Research, Pittsburgh, reported5 the results of tests, made at 
the suggestion of the TAC on Cooling Load (W. E. Zieber, chairman), on the effec- 
tive solar absorption of various colored paints. 


Instantaneous Heat Gains: H. B. Nottage of the Laboratory staff has recently 
prepared, in preliminary form, a thermal-circuit diagram to attempt to portray and 
interrelate the major factors which influence the instantaneous thermal load imposed 
upon air conditioning equipment. This is being submitted for committee discussion 
and may serve as an outline for a possible analogue approach toward a solution of 
the time-variable nature of load constituents, a subject which has been given increasing 
attention in the air conditioning industry in recent ycars. 


Heat Pump: During the year the the TAC on the Heat Pump (R. C. Jordan, 
chairman) completed a thorough review of various heat sources and sinks for heat 
pump applications and made a comprehensive outline of needed information and 
research that should be carried on to provide required data. A description of this 
program appears on page 87 of the November 1950 issue of Heating, Piping & Air 
Conditioning. 

At the University of Minnesota under a cooperative contract. R. C. Jordan has 
continued the study of the availability of solar energy as a potential heat source. 
Phases under study at the present time include investigation of the theoritical availa- 
bility of solar radiation, evaluation of recorded data, study of horizontal versus vertical 
radiation and an attempt to provide a rational procedure by which the availability of 
solar radiation in various geographical areas may be determined. 

At Columbia University, under a cooperative research contract, W. A. Hadley 
and C. F. Kayan have been making an investigation of thermally actuated moisture 
migration in granular media. This problem was initiated when it was discovered that 
more heat was arriving at the ground coil of a heat pump than heat transfer theory 
would predict. Later work showed that there was a significant flow of moisture 
actuated by the thermal gradient and that its mode of transfer. was apparently incom- 
pletely understood. Radioactive cobalt is being used as a moisture tracer and its 
passage is being followed by a Geiger counter. 


5 Effective Solar Absorption of Various Colored Paints, by R. H. Heilman and R. W. Ortmiller 
(A.S.H.V.E. Transactions, Vol. 56, 1950. p. 399). 
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Pane, HEATING AND COOLING 


Studies under the general direction of the TAC on Panel Heating (P. B. Gordon, 
chairman) have been one of the major activities of the Laboratory during 1950. Work 
has also been carried on at one cooperating institution. 

Two papers®- 7 were published from the Laboratory studies. The paper, Electric 
Analogger Studies on Panels with Imbedded Tubes, reported the results of the studies 
made at Columbia University by Carl F. Kayan under a cooperative research 
contract. 


Plaster Panels: An investigation into the thermal characteristics of plaster panels 
was completed and a report prepared for committee study. 

The tests showed that the difference between the average tube temperature and the 
average panel surface temperature can be related to the heat output from the lower 
and upper panel surfaces by an empirical equation. The tests also showed the value 
of insulation back of a plaster panel and the effect of complete tube imbedment. 


Field Tests on Concrete Floor Panels: During the winter 1949-1950, tests were 
conducted in four homes in Parma Heights, Ohio, to obtain data on the heat losses 
to the earth from floor panels and to determine the effectiveness of insulation in 
reducing these lesses. A paper§ reporting the results of the first season’s tests was 
presented. 


Analogue Tests on Concrete Panels: To extend the range of the experimental 
thermal tests on concrete panels, it was decided early in the year to modify the 
electrolytic analogue used in earlier work to permit the investigation of the slab 
resistance for the case of a concrete panel laid on earth with the tubes tangent to 
the earth-concrete interface. A complete report is being prepared for committee study. 


Calorimeter Room: As indicated in the 1949 Report, the primary objective in build- 
ing the calorimeter room was to provide facilities for studies of heat flow from heated 
or cooled panels to the space. However, the views of several other technical advisory 
committees were carefully considered in developing the final designs for this room. 
Construction commenced late in 1949 and by mid-February the TAC on Panel Heating, 
in consultation with the Laboratory staff, had decided on the main details of the con- 
struction. At the end of the year all major construction had been completed, the 
panels had been fitted, practically all items of equipment had been delivered and set 
in position, and piping was in progress. All construction, including the arrangements 
for adjusting the height of the ceiling, was carried out by members of the Laboratory 
staff at a cost much lower than the original estimates. 

While the construction was under way, other staff members were making analytical 
studies of possible heat exchange in the room, to determine factors likely to be of 
significance in the planned programs, and also to aid in solving problems of instru- 
mentation. The studies established the number and location of heat meters and of 
surface temperature thermocouples, and work began at once on the construction of 
some 150 low inertia heat flow meters that will meter heat exchanges at all room 
surfaces. The analyses have indicated that special attention must be directed to the 
evaluation of convection conductances at panel surfaces, as affected by position, air 
change rate and room surface temperature distribution. 


Control of Panel Heating Systems: A research fellowship was set up at the Uni- 
versity of Minnesota for field studies on the control of panel heating systems, in 
accordance with the recommendations of Group D (J. S. Locke, chairman) of the 
TAC on Panel Heating and Cooling. 


@A.S.H.V.E. Research Report No. 1387—Laboratory Studies on Heat Flow Within a Concrete 
Panel, by C. M. Humphrevs, H. B. Nottage, C. V. Franks, R. G. Huebscher, L. F. Schutrum, and 
D. W. Locklin, (A.S.H.V.E. Transactions, Vol. 56, 1950, p. 175). 


7 A.S.H.V.E. Research Report No. ot. Flow Analysis in Panel Heating or Cooling Sections, 
by L. E. Hulbert, H. B. Nottage, and C. V. Franks (A.S.H.V.E. Transactions, Vol. 56, 1950, p. 189). 


8 AS. 7 V.E. Research Report No. rote Studies of Heat eee from Concrete Floor Panels, 
hy =. . Humphreys, C. V. Franks, L. F. Schutrum (A.8.H.V.E. Transactions, Vol. 57, 1951, 
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Five buildings have been selected for the first year’s tests. Two of them, both 
offices, have heavy panels, heavy construction, and a large glass area. A manufac- 
turing plant was chosen because it had a heavy panel, light construction, and a large 
glass area. The other two buldings are residences, one with a heavy panel, light 
construction, and small glass area, the other with a light panel, light construction, 
and a large glass area. 

It is anticipated that the instrumentation will be completed in time to obtain data 
during the 1950-51 heating season. 

The plan is to modify the control system in each building so that several general 
control methods can be used. 


Guide Chapter: Under a subcommittee of the TAC on Panel Heating and Cooling, 
the chapter on panel heating was completely rewritten for THE Guipe 1951. 


Industry Support: Industry support of the panel heating research program during 
1950 was very encouraging. A substantial part of the funds contributed by industry 
in 1949 was carried over to 1950 and added to the funds received during the year 
and to general funds available to the Committee on Research. 


Air CLEANING 


It is now almost four years since active work began at the Laboratory on a program 
formulated by the TAC on Air Cleaning (R. S. Farr, chairman) and designed to 
meet an apparently urgent need for sound and acceptable codes for the testing and 
rating of air cleaning devices. From the first it was recognized that the problem was 
complex, and that, in spite of a great deal of work on the subject by competent 
investigators here and abroad, no standards had been established that were accepted 
equally by the filter industry and by large users. In the 1948 Annual Report of the 
Committee on Research, it was suggested that if the principal filter users could say 
what they wanted a filter to do, it might be of considerable help in defining both the 
methods and the degree of accuracy to be sought in filter testing. A review of the 
discussions at the U. S. Conference on Atmospheric Pollution in May 1950 would lead 
one to believe that the question has been answered only imperfectly, if at all. 

The program so far has been designed to answer specific questions relating to 
the significance of certain factors in the development of standard methods of test. 
Among these are the velocity and dust distribution in the test duct; the importance 
of isokinetic sampling, i.¢., the removal of the sample at a rate that corresponds to 
the duct velocity; the location of the samplers; the number and type of samples to 
be taken; and the relationship between the size of the sampler intake and conditions 
within the duct, both before and after the filter. Of major importance is the question 
of the type or types of test dust to be used, and the range of particle sizes that it 
may be necessary to use in testing different types of air cleaning devices for different 
applications. The question that has always raised the most controversy is whether 
efficiencies shall be determined on a weight basis, a discoloration basis, or on both. 

A number of reports have been made to the members of the Technical Advisory 
Committee over the past three years, and the program has followed the lines laid 
out by them. 


PsyCHROMETRY 


The steps leading to the presentation of a new psychrometric chart were outlined 
in the Report for 1949. H. B. Nottage presented the new chart 9 in a paper at the 
Semi-Annual Meeting. The new chart was accepted and it will appear, reproduced 
in two colors, in THE Guipe 1951. A revision has also been made of the chapter 
on thermodynamics to bring it into line with the new chart. It has been decided 
to await the general reaction of Guide users to the new chart before proceeding with 


V.E. Research Report No. 1401—-A Proposed Psychrometric Chart, by H. B. Nottage 
’.E. Transactions, Vol. 56, 1950, p. 411). 
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the preparation of additional charts for pressures other than standard barometric and 
for higher and lower temperature ranges. 

The work has been carried on in cooperation with the Guide Committee, which 
requested the Committee on Research to undertake this important project. 


INSTITUTE 


Following a meeting in February with the Engineering Committee of the Oil-Heat 
Institute of America, the results of the three investigations carried on in cooperation 
— the Institute were summarized in two papers! 11 presented at the 57th Annual 

eeting. 

The TAC on Combustion (T. H. Smoot, chairman) has suggested that the results 
obtained to date justify further investigation of the possibilities of the Combustion 
Reference Test Unit as a means for comparing fuel oils on the basis of their observed 
burning performance. 


Opors 


Following a series of discussions by the TAC on Odors (T. H. Urdahl, chairman ) 
and a review of possible methods of attack on the problem of odor perception and 
treatment in occupied spaces, the Committee on Research approved the recommendation 
that a preliminary survey of the odor problem be undertaken jointly by Arthur D. 
Little, Inc., Cambridge, Mass., and the Research Laboratory. The survey commenced 
on June 1 and was completed by mid-August. W. P. Gojsza, of the Laboratory staff, 
worked with three members of the survey section of Arthur D. Little in interviewing 
representatives of the heating, ventilating, and air conditioning industry regarded as 
well-informed on its odor problems. The report of the survey, submitted late in 
August, stated that the results indicated (1) that an odor problem of serious signifi- 
cance exists for the industry, and that substantial effort is warranted to solve it; (2) 
that tobacco, bodies, food and air conditioning equipment were considered to be the 
most troublesome and common odor sources; (3) that odor control was considered 
largely an economic problem; (4) that the establishment of an objective means of 
determining amounts of odors present is highly desirable, but there was considerable 
doubt that this could be attained by the Society within a reasonable period. 

The TAC on Odors recommended that the Society undertake a research program 
on odors aimed initially at applied research, and that studies be commenced as 
rapidly as possible to investigate (a) the relationship of the principal physical char- 
acteristics of air, particularly temperature and humidity, to the development and per- 
ception of odors of varying types and levels; (b) the role of conventional air con- 
ditioning in odor reduction; and (c) the cause of air conditioning odors under various 
operating conditions with respect to the system components. 

These recommendations were approved by the Committee on Research. Odor studies 
were included in the 1951 research program and initial steps taken to design and 
construct two relatively odor-free test rooms at the Cleveland Laboratory. 

The report also proposed the development of a long-range program of fundamental 
research in odors, in cooperation with other interested groups. It was suggested that 
one of the first steps might be the holding of a National Symposium on Odors. At 
the year end preliminary negotiations towards this end were under way, in cooperation 
with certain divisions of the Office of Naval Research. 


Hot WATER AND STEAM HEATING 


A new Technical Advisory, Committee (J. W. James, Chairman) was set up in 
mid-year to advise the Committee on Research regarding studies on problems in hot 


10 A.S.H.V.E. Research Report No. 1412—Smoke Measurement in a Fuel Oil Test Unit, by D. W. 
Locklin and G. V. Parmelee (A.S.H.V.E. Transactions, Vol. 57, 1951, p. 129). 


11 A.S.H.V.E. Research Report No. 1413—Rating of Fuel Oils by a Test Unit, by D. W. Locklin 
and G. V. Parmelee (A.S.H.V.E. Transactions, Vol. 57, 1951, p. 139). 
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water and steam heating. One of the projects assigned to this Committee for advisory 
guidance was a cooperative research study on air entrainment in hot water heating 
— ae up earlier in the year by the Committee on Research at the University 
f Flori 

At the organization meeting, the Committee recommended that a fundamental study 
be undertaken to determine the relationship between noise and pipe size, piping 
arrangement and fluid velocity in hot water and steam heating systems. Steps are 
being taken to set this up as a cooperative research project. 


SorBENTS 


The TAC on Sorbents (John Everetts, Jr., chairman) developed, early in the year, 
a recommended method for testing and rating sorption type dehumidifiers and requested 
the Committee on Research to allocate funds for carrying out field tests of a solid 
and a liquid sorbent dehumidifier to determine if the proposed method was practicable 
and workable. 


MEETINGS 


The Director of Research, together with C. M. Humphreys and G. V. Parmelee, 
presented a paper entitled The Role of Weather Data in Heating and Air Conditioning, 
at the Conference on Weather and the Building Industry, arranged by the Building 
Research Advisory Board (BRAB) and held in Washington, D. C., January 12, 1950. 

During the year the Director of Research spoke before the Statistical Exchange of 
Southern Florida at Miami; the Air Conditioning Conference at the University of 
Florida, Gainesville; the Warm Air Conference at lowa State College; and the 
Institute of Boiler and Radiator Manufacturers at Absecon, N. J. He also represented 
the Society at the U. S. Technical Conference on Air Pollution in Washington in 
May; at a conference at the Library of Congress in November; and at the 4.S.R.E. 
annual meeting in December. Staff members addressed Society chapters at Phila- 
delphia, Dayton, North Carolina, and Indianapolis. 


ACKNOWLEDGMENTS 


The Research Laboratory has been able to make substantial progress in 1950 in a 
number of important projects. Some projects have been brought to a successful con- 
clusion. This has been due in no small measure to the encouragement and support 
given to the staff by the President and the members of the Council, and especially 
by the chairman and members of the Committee on Research and the members of the 
various Technical Advisory Committees. The Director wishes to express the sincere 
appreciation of the 25 members of the research staff for this support and to express 
his thanks to all staff members for their loyal service and cooperation. 


The session was concluded with a presentation of two technical papers, one by 
the author, and one by title. 


Tuirp SEssIon—TuEspAy, JANUARY 23, 2:30 P. M. 


Second Vice President Ernest Szekely presided at the third session at which 
three technical papers were presented and discussed. 


FourtH SEssiIoN—WEDNESDAY, JANUARY 24, 9:30 A. M. 


Pres. Lester T. Avery opened the symposium on Man And His Relation 
To Air and outlined the work which the Society has been doing both in its 
laboratory and in cooperating institutions on physiologolical research, and the 
part the technical advisory committees have played in these endeavors. The 
symposium was moderated by Prof. Nathaniel Glickman, Chicago, Ill. who 
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introduced the speakers for a discussion of different aspects of the subject. 
Eugene F. DuBois, M.D., New York, spoke on Physiological Aspects of Heat- 
ing And Ventilating. 


He stated that it is difficult to establish standards for comfort that cover more than 
one narrow set of conditions. The factors to be considered are many. Concerning 
the human subject :—age, sex, clothing, previous activity, present activity, time of 
exposure, nationality, habit, acclimatization, etc. Concerning the room:—dry bulb 
temperature, humidity, air movement, radiation, etc. 

The comfort zone is a relatively narrow band of temperature conditions where the 
heat loss from the body is most easily regulated to equal the heat production. There 
is little or no change in the temperature of the body tissue, no sweating, and the skin 
is about 91.5 F (33 C). At colder environmental temperatures the blood flow in the 
periphery is restricted and the skin is transformed from an active heat interchanger 
into a suit of leather clothing. Since one half of the body mass lies within one inch 
of the surface there is a large reservoir from which heat can be lost before the tem- 
perature of the core of the body is much affected. 

Above the comfort zone, as the air temperature gets higher and higher the blood 
flow in the skin increases rapidly. Sweating increases and finally the only possible 
channel of heat loss is vaporization. 

If a person who has been in a warm room with a high rate of vaporization goes 
into a cold environment there is a condensation of moisture in the cold layer of 
clothing. Some of this heat is returned to the body for a short time but later the 
rate of cooling is increased. When comparing two different environments the time 
element is important. 


Charles S. Leopold, Philadelphia, Pa., presented a discussion on The Engi- 
neering Aspects of Comfort Data. 


Mr. Leopold discussed the work of the Society in establishing optimum summer 
and winter conditions for a group by subjective testing, and outlined aspects of the 
subjective evaluation of comfort. He compared comfort for an individual with the 
statistical optimum for a group. His conclusions that the optimum conditions indi- 
cated in the Society work, of 75 F to 77 F in summer; 73 F to 75 F in winter, 
when the relative humidity is approximately 50 percent and 30 percent respectively, 
are adequately substantiated by field experience. 

He pointed out the difference between the importance of variables in their effect 
on comfort when measured as departures from the optimum or from some condition 
which is too warm or too cool. 

The importance of horizontal symmetry in radiation, particularly the local effect 
of hot or cold walls was explained. 

The importance of the absence of a rational relation between desirable indoor and 
outdoor temperatures from hour to hour was also included as well as intolerance for 
perceptible air motion. 

In conclusion he demonstrated the importance of incentive and time within the con- 
ditioned space in evaluating the effects of air conditioning. 


Theodore F. Hatch, Professor of Industrial Health Engineering, University 
of Pittsburgh, Pittsburgh, Pa., discussed the Standards For Industrial Heat Con- 
trol, and said that— 


The limits of the thermal comfort zone are well established and, similarly, the upper 
limits of tolerance to acute heat exposures have been fixed, both in the laboratory 
and in industrial experience. Exposures in the traditional hot industries are now 
kept generally below this tolerance limit. The ill-effects of heat are so widely 
appreciated that, even in those industries having no unusual heat production, comfort- 
conditioning is becoming common. 

Between the two limits of comfort and maximum physiological tolerance, however, 
there exists a considerable region within which many industries must operate—an 
area which is not well charted in respect to standards for the measurement of heat 
effects. 
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Beyond a general desire to reduce heat exposures as much as possible, engineers 
do not find in this region an adequate, quantitative basis for estimating the benefits 
which are to be derived from further heat control in comparison with the cost of 
such improvements. The elementary physiological criteria which serve for measuring 
acute effects are of limited use in the region of non-acute response. Similarly, the 
subjective criteria of comfort are of little help when there is no practical possibility 
of reducing the thermal environment to this degree. Responsibility for the health 
and safety of workers is met when the heat level is still high compared with the 
comfort limit. Below this level the problem is one of balancing the cost of control 
against the returns, measured in terms of increased efficiency and productivity and 
improved human relations. The potential benefits vary with the nature of the industry, 
increasing with the fineness of the work, the manual skills required and with the 
degree of concentration and mental effort involved. 

The area between the comfort zone and the physiological tolerance limit can be 
divided into three overlapping zones wherein the effects of primary concern may be 
classed successively as (1) physiological, (2) psychophysiological and (3) psycho- 
logical. In industry, the three sub-areas are of corresponding primary interest to 
these departments: (1) medical, (2) engineering and (3) managernent (industrial 
relations). The need exists for thermal physiologists and experimental psychologists 
to orient their work more toward industry, to provide a quantitative basis for defining 
and evaulating the varying heat effects and for establishing useful thermal standards 
between the upper limit of physiological tolerance and the lower limit of simple com- 
fort, where no problem exists. 


Robert W. Keeton, M.D., Chicago, Illinois, elected to speak on Air Condition- 
ing in the Treatment and Prevention of Disease. 


He stated that individuals singly and in groups indulge in coughing and sneezing 
through certain months of the year. Respiratory infections are more prevalent at 
such times. The inference follows that the infectious agents are airborne and the 
incidence of disease could be reduced by sterilization of the air. This can be accom- 
plished by ultra-violet radiation and by atomizing triethylene glycol into an atmosphere 
with a 50 percent relative humidity. Such measures have not significantly reduced the 
incidence of respiratory disease. Respiratory infections can be spread directly by 
contact and indirectly by dust which has been formed from droplets coughed onto 
clothes, bed linens, floors and furniture. A space conditioned for comfort with a 
50 percent to 60 percent relative humidity, free of drafts and unusual sources of cold 
radiation, furnishes a uniform environment. This does not cause physiologic stress 
- it does not produce nasal congestion, which may be a factor in initiating head 
colds. 

Anesthesia tends to alter the heat regulating mechanism of the body. In the summer 
time, when the humidity is high, post-operative patients commonly develop heat 
retention which, if unrelieved, leads to heat strokes. This causes adrenal stimulation 
and, if long continued, presumably adrenal exhaustion. A residence of 48 hours in 
the air-conditioned recovery ward avoids such complications. In a study of con- 
valescence it was noted that postoperative patients maintained in comfortable environ- 
ment made unusually good recoveries. Patients producing extra heat as a result of 
hyperthyroidism may slip into an hyperthyroid crisis. The latter is prevented or 
ameliorated by exposure to a cool dry air. 

In the waves of hot humid weather patients with heart disease are quite prone to 
die. The primary difficulty seems to be inability to transport heat to the surface due 
to circulatory impairment. Heat retention and death follow. This can be prevented 
by exposure to comfortable or cool dry environments. 

In patients with coronary sclerosis, dehydration as the result of excessive sweating 
may precipitate a blood clot (coronary thrombosis) at the site of an arteriosclerotic 

laque. 

' More recently the reduction to 92 F of the rectal temperature of children with 
congenital heart disease, who have a limited capacity for oxygenating their blood, 
has made it possible to operate some seemingly inoperable cases. 

Air-conditioned environments are necessary for research studies which include work 
experiments throughout the year, alterations in circulation, and in the partition and 
distribution of electrolytes. 
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Captain Oscar Schneider (MC USN), Washington, D. C. discussed the 
Problems Following Atomic Blasts. 


He declared that to provide a simplified picture of a broad and complex subject, 
it is best to regard the casualty-producing effects of an atomic explosion as being 
largely dependent on its ability to produce mechanical destruction. Thus, in the event 
of an air burst such as those employed in Japan, it can be expected that most of the 
fatalities will occur among persons who are injured by the collapse of buildings and 
houses, and by being unable to escape from the fires which sweep such ruined struc- 
tures. In a ground surface burst, the area of blast damage will be less than in an 
air burst, and the number of casualties will therefore be less. In the event of an 
underwater burst, the damage from blast, as well as from fires will be still less, 
and so will the number of casualties. 

Radioactivity from an atomic explosion is serious, but not by any means serious 
enough to justify all of the worry it has occasioned. After a blast which has come 
with no warning, only about 15 percent of those sustaining fatal injuries will die 
from radiation illness. The remaining 85 percent will be victims of trauma and burns. 
There is virtually no lingering radioactivity from an air burst. After the first 90 
seconds, the radiation effects from this type of explosion are no longer a source of 
danger. Owing to the deposit of fission products and unfissioned atoms of bomb 
material on the ground or in the water, radiation injuries may form a greater per- 
centage of casualties from a ground or underwater burst, but this percentage can 
be reduced by an effective Civil Defense Organization. Properly designed ventilation 
systems in buildings and shelters can also reduce this radioactivity hazard. 

The effects of radiation are essentially those due to internal hemorrhage and 
anemia, complicated by infection. Proper medical care can reduce the mortality rate 
among the victims with borderline amounts of irradiation as well as those with other 
serious injuries. Accordingly, the perfection of arrangements for the rescue, first aid, 
and hospitalization of the injured is of paramount importance in preparation for an 
atomic war. There is no convincing evidence that atomic radiation will increase the 
cancer incidence among its victims or even that any noticeable hereditary effects 
will occur. In Japan the sterility which was observed in many of the injured proved, 
in all of the cases examined, to be only temporary. 

In preparing for an atomic war, individuals can best provide protection for them- 
selves, their families, and their communities by (1) cooperating in every way with 
their Civil Defense Organizations, (2) learning the simple rules of taking shelter, 
of first aid, and of accident-prevention in the home, and (3) schooling themselves to 
keep calm in an emergency and to avoid creating a panic. 


Following the talks there was discussion from the floor by many members. 
The panel answered the questions presented by the audience. 

President Avery thanked the participants in the discussion, both the sym- 
posium members and those from the floor. 


FirtH SEssION—WEDNESDAY, JANUARY 24, 2:30 P. M. 


At the fifth session, presided over by First Vice President L. E. Seeley, three 
technical papers were presented by their authors, and one paper was presented 
by title only. 


SrxtH Session—Tuurspay, January 25, 9:30 A. M. 


At the final session of the meeting, Treas. Reg F. Taylor presided and three 
technical papers were presented. 

President Avery then conducted the installation of the new officers and Coun- 
cil members: The new officers—Howard E. Sproull, treasurer; Reg F. Taylor, 
2nd vice president; Ernest Szekeley, Ist vice president; and Lauren E. Seeley, 
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president; council members: John H. Fox, L. N. Hunter; B. H. Spurlock, Jr., 
and Neil H. Peterson. 

President Avery gave the gavel to President-elect Seeley which the latter 
accepted by saying that he was looking forward to serving the Society during 
the coming year, and hoped to justify the members’ confilence in electing him 
to the office. President Seeley called on S. W. Beaty, Chairman of the Resolu- 
tions Committee, who presented the following resolutions which he moved for 
adoption. The motion, seconded by Past Pres. Lester T. Avery, was adopted 
unanimously. 


RESOLUTIONS 


Wuereas: The 57th Annual Meeting of the A.S.H.V.E., January 22-25, 1951, has 
attained new highs in accomplishments both technically and socially, therefore, Be It 
Resotvep THAT WE: 


1. Wholeheartedly recognize and express our appreciation for the cooperation of 
the National Officers and Staff, the Philadelphia Chapter and the efficient committees 
of the Committee on Arrangements which actuated careful planning into accomplished 
fact insuring the profit and pleasure which have highlighted this meeting. 


2. Thank particularly the many members of the Philadelphia Chapter whose various 
personnel assisted in registration, meetings and the Exposition, the Philadelnhia Con- 
vention and Visitors Bureau for its assistance in providing the housing bureau and 
the Hotels whose management cooperated in furnishing such excellent service and 
facilities for social functions. 


3. Thank the authors of papers and speakers who have devoted so much time to 
their preparation of data and their informative presentations of new progress in the 
arts of heating, ventilating and air conditioning, and also commend Dr. Lillian Gil- 
breth and Cameron Ralston for their inspiring messages. 


4. Also express appreciation to the daily newspapers and the technical press for 
their part in reporting the meeting to the public and the profession; and compliment 
the manufacturers who exhibited at the Exposition in the Commercial Museum for 
their excellent displays, and the managers and their staff. 


5. Express particular gratitude for the gracious entertainment thoroughly enjoyed 
by our visiting ladies which brought to us the happy discovery that the slogan, “The 
City of Brotherly Love” expresses only half of it and should be amended to read 
“The City of Brotherly and Sisterly Love.” 


Respectfully Submitted, 


Tue COMMITTEE 

S. W. Beaty, Chairman, Shreveport, La. 
I. W. Corton, Indianapolis, Ind. 

R. C. Cuewninc, Portland, Ore. 


The 57th Annual Meeting of the Society was declared adjourned at 11:15 
A. M. 
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PROGRAM—57th ANNUAL MEETING 


The Bellevue-Stratford—The Benjamin Franklin 
Warwick Hotel—Convention Hall 
Philadelphia, Pa., January 22-25, 1951 


Saturday—January 20 


9:30 am. Charter and By-Laws Committee, H. E. Sproull, Chairman (Bellevue- 
Stratford—Room 108) 

10:00 am. Committee on Research, R. C. Cross, Chairman (Bellevue-Stratford— 
Green Room) 

1:30 p.m. Executive Committee of Council (Bellevue-Strattord—Room 108) 

8:00 p.m. Ways and Means Committee Meeting, Ernest Szekely, Chairman (Belle- 
vue-Stratford—Blue Room) 


Sunday—January 21 


9:00 am. Admission and Advancement Committee Meeting (Bellevue-Stratford— 
Room 104) 

10:00 a.m. RecistrATION (Bellevue-Stratford—Oak Room) 

10:00 a.m. Council Meeting (Bellevue-Stratford—Green Room) 

10:00 a.m. TAC on Air Cleaning, R. S. Farr, Chairman (Bellevue-Stratford—Room 
105) 

3:30 p.m. Informal Get-Together of Chapters’ Conference Committee Members, 
B. L. Evans, Chairman (Bellevue-Stratford—Pink Room) 

4:00 p.m. Committee on Research, R. C. Cross, Chairman (Bellevue-Stratford— 
Room 108) 

4:00 p.m. Welcome Tea (Bellevue-Stratford—Reception Room, 18th Floor) 


Monday—January 22 


9:00 a.m. RecistRATION (Bellevue-Stratford—Oak Room) 
9:00 a.m. Committee on Estimating Fuel Requirements (Bellevue-Stratford—Room 
106) 
9:30 a.m. First Session (Belilevue-Stratford—Rose Garden) Pres. Lester T. Avery 
presiding 
Welcome to Philadelphia 
Response by President Avery 
Reports of Officers and Council 
Losses from a Floor-Type Panel Heating System, by F. W. Hut- 
chinson, Berkeley, Calif., D. L. Mills and L. J. La Tart, Rome, 
N. Y., presented by Mr. Mills 
Operating Experience and Data from Sidewalk Snow-Melting Sys- 
tem, by L. A. Stevens and G. D. Winans, Detroit, Mich., presented 
by Mr. Winans 
Design Factors in Panel and Air Cooling Systems, by C. S. Leopold, 
Philadelphia, Pa., presented by the author 
12:15 p.m. Get-TocetTHer LuNncHeon (Bellevue-Stratford—Ballroom) 
Speaker: Dr. Lilhan M. Gilbreth, Consulting Engineer 
Subject: ‘Management Problems in the Home” 


, 


2:00 p.m. 


2:00 p.m. 
2:00 p.m. 
2:00 p.m. 
2:00 p.m. 
2:00 p.m. 
3:00 p.m. 


3:00 p.m. 
4:00 p.m. 


6:30 p.m. 
7:00 p.m. 


8:30 a.m. 


9:00 a.m. 
9:30 a.m. 


9:30 a.m. 


9:30 a.m. 


9:30 a.m. 


10:30 a.m. 


11:30 a.m. 


12:15 p.m. 
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Exposition—Opening of 10th International Heating and Ventilating 
Exposition (Commercial Museum, 34th below Spruce St.) 
Exhibit will open daily from 12 noon to 10:00 p.m., Tuesday to Thurs- 
day, and will close at 6:00 p.m. on Friday 
A.S.H.V.E. Booth No. 88 

Chapters’ Conference Committee, B. L. Evans, Chairman (Bellevue- 
Stratford—Junior Room) 

TAC on Air Distribution, Ernest Szekely, Chairman (Bellevue-Stratford 
—Room 104) 

TAC on Combustion, T. H. Smoot, Chairman (Bellevue-Stratford—Room 
108) 

TAC on Cooling Load, W. E. Zieber, Chairman (Bellevue-Stratford— 
Room 105) 

TAC on Panel Heating and Cooling, P. B. Gordon, Chairman; Group A, 
A. B. Algren, Chairman (Bellevue-Stratford—Green Room) 

Committee on Testing and Rating Heavy Duty Furnaces, E. K. Campbell, 
Chairman (Bellevue-Stratford—Room 107) 

Ladies’ Show and Tea at John Wanamaker’s (Greek Room) 

TAC on Weather Design Conditions, W. M. Wallace, II, Chairman 
(Bellevue-Stratford—Blue Room) 

“A Night with the Pennsylvania Dutch” (Benjamin Franklin—Ballroom) 

TAC on Combustion, T. H. Smoot, Chairman (Bellevue-Stratford— 
Room 104) 


Tuesday—January 23 


TAC on the Heat Pump, R. C. Jordan, Chairman (Bellevue-Stratford— 
Room 107) 
REGISTRATION (Bellevue-Stratford—Oak Room) 
TECHNICAL SEsSION (Bellevue-Stratford—Rose Garden) First Vice Pres. 
Lauren E. Seeley presiding 
Report of Tellers of Election 
The Efficiency of Bituminous Coal-Burning Space Heaters, by J. W. 
Tieman and F. L. Bagby, Columbus, Ohio, presented by Mr. Bagby 
The Measurement of Smoke, by K. O. Beatty, Jr. and J. E. Deas, Jr., 
Raleigh, N. C., presented by Prof. Beatty 
Report of Committee on Research, R. C. Cross, Chairman 
Rating of Fuel Oils by a Test Unit, by D. W. Locklin and G. V. 
Parmelee, Cleveland, Ohio, presented by Mr. Locklin 
Smoke Measurement in a Fuel Oil Test Unit, by D. W. Locklin and 
G. V. Parmelee, presented by title 
TAC on Industrial Ventilation, W. N. Witheridge, Chairman (Bellevue- 
Stratford—Room 108) 
TAC on Sensations of Comfort, C. S. Leopold, Chairman (Bellevue- 
Stratford—Room 106) 
TAC on Sound Control, T. A. Walters, Chairman (Bellevue-Stratford— 
Room 105) 
Ladies “Brunch” (Warwick Hotel—Ballroom) 
Bus Tour of “Old and New Philadelphia and Historic Valley Forge” 
Luncheon Meeting—TAC on Hot Water and Steam Heating, J. W. 
James, Chairman (Bellevue-Stratford—Red Room) 
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2:00 p.m. 


2:30 p.m. 
2:30 p.m. 


4:30 p.m. 
7:00 p.m. 


7:30 p.m. 


7:30 p.m. 


8:00 a.m. 
8:00 a.m. 


9:00 a.m. 
9:00 a.m. 


9:30 a.m. 


9 :30 a.m. 
12:15 p.m. 


12:30 p.m. 
2:00 p.m. 


TecunicaL Session (Convention Hall—Ballroom) Second Vice Pres. 
Ernest Szekely presiding 
A Survey of Electrostatic Precipitation, by E. A. Walker and J. E. 
Coolidge, State College, Pa., presented by Professor Walker 
Theory of Earth Heat Exchangers for the Heat Pump, by L. R. 
Ingersoll, F. T. Adler, A. C. Ingersoll, Madison, Wis., and H. J. 
Plass, Stanford University, Calif., presented by Prof. L. R. 
Ingersoll 
Factors Useful in Ground Grid Design for Heat Pumps, by George S. 
Smith, Seattle, Wash., presented by the author 
TAC on Heating Load, A. I. Brown, Chairman (Convention Hall—Room 
303) 
TAC on Sorbents, John Everetts, Jr., Chairman (Convention Hall— 
Room 307) 
Committee on Research (Convention Hall—Room 305) 
Past Presidents’ Dinner (The Union League of Philadelphia, Broad & 
Sansom Sts.) 
Chapters’ Conference Committee, B. L. Evans, Chairman (Bellevue- 
Stratford—Junior Room) 
Guide Committee Meeting (Bellevue-Stratford—Room 107) 


Wednesday—January 24 


TAC on Odors, T. H. Urdahl, Chairman (Bellevuc-Stratford—Room 
108) 

Breakfast Meeting—TAC on Panel Heating and Cooling—Group D, 
J. S. Locke, Chairman (Bellevue-Stratford—Room 107) 

REGISTRATION (Bellevue-Stratford—Oak Room) 

TAC on Insulation, M. W. Keyes, Chairman (Bellevue-Stratford—Junior 
Room) 

TECHNICAL Session (Bellevue-Stratford—Rose Garden) Pres. Lester T. 
Avery presiding 
Sympostum—Nathaniel Glickman, Moderator 
Subject: “Man and His Relationship to Air” 

1. Eucene F. DuBois, M.D., New York—The Physiological Aspects 
of Heating and Ventilating. 

2. CuHartes S. Leopotp, Consulting Engineer, Philadelphia Pa.— 
The Engineering Aspects of Comfort Data. 

3. THEopore F’. Hatcu, Professor of Industrial Health Engineering 
at University of Pittsburgh, Pittsburgh, Pa.—Standards for Industrial 
Heat Control. 

4. Ropert W. Keeton, M.D., Chicago, Ill—Air Conditioning in the 
Treatment and Prevention of Disease. 

5. Capt. Oscar ScHNeEteR, (MC) USN, Washington, D. C—The 
Problems Following Atomic Blasts. 

TAC on Heat Flow through Glass, R. A. Miller, Chairman (Bellevue- 
Stratford—Room 104) 

Luncheon Meeting—Nominating Committee (Bellevue-Stratford—Blue 
Room) 

Luncheon and Fashion Show (Warwick Hotel—Ballroom) 


TecHNIcAL Session (Convention Hall— Ballroom) First Vice Pres. 
Lauren E. Seeley presiding 
Field Studies of Heat Losses from Concrete Floor Panels, by C. M. 
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Humphreys, C. V. Franks and L. F. Schutrum, Cleveland, Ohio, 
presented by Mr. Schutrum 
Principles of Effective Heat for Steam Heated Structures, by C. O. 
Mackey, N. R. Gay, Ithaca, N. Y., R. D. Tutt, New Britain, Conn., 
E. G. Powell, Chicago, IIl., and E. L. Broderick, Mt. Vernon, 
N. Y., presented by Professor Mackey 
Transportation Heating and Air Conditioning Systems and Controls, 
by N. O. Kirkby, Chicago, IIl., presented by the author 
Water-Vapor Permeability of Building Papers and Other Sheet 
Materials, by E. R. Bell, M. G. Seidl and N. T. Krueger, Madison, 
Wis., presented by title 
7:00 pm. ANnnuaL Banguet (Bellevue-Stratford—Ballroom) 
Toastmaster: Merrill F. Blankin, past president of A.S.H.V.E. 
Speaker: Cameron Ralston, Utica, N. Y. 
Subject: “The Plagues of Democracy” 
Presentation of Past President’s Emblem to Lester T. Avery 
Announcement of Award of F. Paul Anderson Medal by Lester T. Avery 


Thursday—January 25 


9:00 a.m. RecistRATION (Bellevue-Stratford—Oak Room) 
9:30 am. TECHNICAL SEssION (Bellevue-Stratford—Rose Garden) Treas. Reg F. 
Taylor presiding 
Use of Aircraft Propellers for Axial Flow Fans, by E. C. Lundquist, 
Iowa City, lowa, and M. J. Hamilton, Santa Monica, Calif., pre- 
sented by Professor Lundquist 
Roof Spray for Reduction in Transmitted Solar Radiation, by G. E. 
Sutton, Gainesville, Fla., presented by the author 
Solar Energy Transmittance of Figured Rolled Glass, by G. V. 
Parmelee and W. W. Aubele, Cleveland, Ohio, presented by Mr. 
Parmelee 
Installation of Officers 
Unfinished Business 
New Business 
Resolutions 
Adjournment 


10:30 a.m. Ladies Bus Trip to Atlantic City 


COMMITTEE ON ARRANGEMENTS 


A, J. Nessitt, General Chairman 
M. F. Bianxin, Honorary Chairman 
F. H. Buzzarp, Vice Chairman 


Banquet—M. E. Barnard, Chairman; H. W. Goldner, J. H. Hucker, R. F. 


H. R. James, E. C. Lambert, C. J. Lub- 
king, W. W. Malloy, H. H. Mather, G. 
W. Powell, Jr., G. E. Tuckerman, F. B. 
Wilder. 


Entertainment—E. K. Wagner, Chair- 
man; R. H. Ackermann, R. J. Auguster- 
fer, H. H. Erickson, H. J. Faltenbacher, 


Hunger, L. P. Hynes, M. G. Kershaw, R. 
S. Mizener, S. R. Nusbaum, F. F. 
Pfeiffer, A. M. Robertson, Karl Rugart, 
Edward Semel, R. J. Sigel, J. K. Walters. 


Exposition—C, F. Dietz, Chairman; C. 
G. Binder, H. W. Doerrfuss, C. J. Forve, 
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LOSSES FROM A FLOOR-TYPE PANEL 
HEATING SYSTEM 


By F. W. Hutcuinson*, BERKELEY, Cauir., D. L. M1Lis**, AND 
L. J. La Tart}, Rome, N. Y. 


EN YEARS ago a research program was initiated at the University of Cali- 

fornia to investigate analytically and experimentally the effectiveness and 
operating characteristics of various types of panel heating and cooling systems. 
The part of this program which dealt with fundamentals of design was carried 
on cooperatively under the sponsorship of THE AMERICAN SOCIETY OF HEATING 
AND VENTILATING ENGINEERS; subsequent projects have been undertaken with 
respect to the rating and thermal characteristics of various types of panel con- 
struction. 

As the program developed it became evident that wide discrepancy existed 
between the results obtained in laboratory tests and the results which were said 
to occur in actual installations. Direct comparison was difficult, however, because 
precise experimental methods can only be used on a field installation when ade- 
quate and costly instrumentation is provided. Three years ago an exceptional 
opportunity developed for carrying out an extensive experimental check on an 
actual installation, but with instrumentation sufficient to permit achieving labora- 
tory accuracy. At that time a new building 25 ft by 60 ft (with an 11 ft 6 in. 
ceiling) was made available. Although this structure was intended for regular 
occupancy it was nonetheless equipped at the time of erection with some hun- 
dreds of embedded thermocouples and with all other instruments and controls 
needed for accurate testing of the heating system. Detailed descriptions of the 
building! and of its heating system? * and instrumentation* are available in the 
literature. Various technical articles from this field laboratory have presented 
results of studies on panel rating® and on the influence of embedded depth® on 
uniformity of surface temperature. 

As tests of the actual system proceeded it became evident that losses of heat 
either through the floor slab or around the periphery were very much greater 
than indicated by common belief. During the first heating season that the 
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system was in operation losses were estimated at from 25 to 35 percent, but data 
from these early tests were not considered sufficiently conclusive to justify 
publication. During the 1948-1949 and the 1949-1950 heating seasons, the sub- 
ject of losses was selected for comprehensive investigation. This paper presents 
the results of the study. In addition to the loss data, experimental results are 
also presented giving the actual rating of unit area of floor panel and the com- 
bined film coefficient of heat transfer for such a panel as evaluated from tests 
on the actual system; the latter results are of particular interest in that they 
permit conclusive decision as to the applicability of the laboratory tests of other 
investigators to actual field installations. 


SysteEM THERMAL CHARACTERISTICS 


The heating system on which a majority of the tests were run consisted of 
a sinuous coil floor panel occupying 118 sq ft of surface in a room having 
220 sq ft of floor area. The coil was fabricated of 34 in. copper tube (% in. 
O.D.) on 9 in. centers, and was embedded in a 4 in. concrete slab poured on 
top of a 6 in. fill of gravel. The coil was leveled so that the distance from the 
top of the tube to the panel surface was % in. As an overall check on the 
results of tests from this one system a few additional tests were made on a 
different panel of equal area and the same construction, but with an embedded 
depth of 1 in. rather than 1% in. 

Data from the two systems were recorded throughout the two heating seasons, 
but for the purposes of loss determination only a very few periods were suitable 
for complete tests. In order for data on losses to have general significance it 
is essential that conditions closely approaching equilibrium exist at the time of 
the test. With a heated floor slab, however, equilibrium is rarely realized as 
each change in weather necessitates altering the energy input to the slab and 
each change in slab temperature leads to readjustment of temperature gradients 
throughout a huge mass of earth extending some feet below the gravel fill on 
which the slab rests. The earth has a relatively low thermal conductivity and 
a relatively high thermal capacity (product of specific heat and of density) so 
long time lags intervene between a thermal change and re-establishment of ther- 
mal equilibrium. Even when weather changes are of a minor degree there may 
be a significant adjustment of gradients immediately below the slab with con- 
sequent departure of instantaneous loss rates from the more significant average 
values. 

During periods in which the heating load is increasing, losses will occur at 
rates higher than those corresponding to equilibrium, whereas during intervals 
of decreasing load the rate of losses will be much less than equilibrium values. 
Considered for the heating season as a whole these transient losses seem to 
average at a value not greatly different from the integrated seasonal value based 
on assumed maintenance of steady state, but use of the instantaneous transient 
rates would lead to serious error. As an example of the importance of this 
circumstance consider a floor slab which is operating at steady load with a 
surface temperature of 80 F; the earth immediately below the slab will be 
at some equilibrium temperature (the value depending on type and thickness 
of slab as well as on the type of fill and the type of soil) usually somewhat 
higher than the panel surface temperature. If, now, the load on the system drops 
sharply, the heat supply to the panel would be cut off and as equilibrium tended 
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to be restored the rate of instantaneous loss to the earth would decrease and in 
some cases, would reverse. 

During test runs on the actual system under conditions of decreasing load, 
negative loss rates were repeatedly observed, thus showing that for such 
transient periods heat was flowing from storage in the earth back up through 
the slab. In such cases the energy which at some earlier period was lost from 
the slab is now regained and effectively utilized in meeting part of the heating 
load. Unfortunately the reverse-flow usually occurs at a time when the actual 
heating load is very small; in such cases the returned losses may enter the 
heated space at a rate exceeding the heating requirements and thereby lead either 


TABLE 1—ExXPERIMENTAL DATA FROM ALL TESTS 


SYSTEM 
System No. 1 No. 2 
Test NUMBER 
No. 1 No. 2 No. 3 No. 1 
Room air temperature at 48 in. level, ¢,. F 67.0 68.5 70.0 74.0 
Water temperature, entering coil, t...... F 99.5 99.0 | 103.0 | 103.0 
Water temperature, leaving coil, 4...... F 92.0 92.0 95.0 96.5 
Panel surface temperature, fg:......... F 81.0 80.5 85.0 87.0 
Panel surface temperature, fg.......... F 81.0 80.0 77.0 83.5 
Panel surface temperature, fs3......... F 83.0 77.0 80.5 86.5 
Panel surface temperature, fgs......... F 76.5 84.0 88.0 86.5 
Panel surface temperature, fg5......... F 80.0 81.0 84.0 85.0 
Panel surface temperature, fsg........ . F 87.5 
gpm 1.16 1.16 1.16 1.20 
Heat meter reading, Qm.............. Btu/ 26.9 25.1 29.4 23.4 
sq ft/hr 
Room floor area, Ar................- sq ft 220 220 220 144 
Unobstructed panel area, Ay.......... sq ft 110 110 110 106 
Partially obstructed panel area, Ao.... sq ft 0 0 0 5 
Completely obstructed panel area, Ac... sq ft 8 8 8 7 
Total panel area (Ay + Ao + Aco), Ap. sq ft 118 118 118 118 


to overheating or to further losses due to the need of excess ventilation for main- 
taining a comfortably low room temperature. 

For the above reasons, acceptable periods for testing slab losses are very 
few and much time and care must be devoted to selection of test periods during 
which the system is assuredly in a state reasonably close to that of equilibrium. 
Each of the tests reported in this paper was made near the end of a period of 
stable weather and at a time when thermal conditions within the room and 
within the slab were known (from periodic readings) to be practically constant. 


PROCEDURE 


Since the rooms under test were regularly occupied during the hours of the 
workday, the air temperature maintained was not established by the test group, 
but left under control of the occupants. As previously stated, tests were only 
made following periods of stable temperature, but over the two heating seasons 
the occupants did make many adjustments in room air temperature. Hence, the 
air temperatures shown for the various tests are not the same. 

Table 1 presents a summary of all test data relevant to the present report. 
Three tests are reported for one heating system and a single check test for a 
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second heating system. In all cases air and surface temperatures were obtained 
from calibrated thermocouples whereas temperatures of the water entering and 
leaving the heating coil were obtained from calibrated thermometers (accu- 
rate to 0.1 F) and checked with thermocouple readings ; both thermometers and 
thermocouples were installed in thermometer wells in the mains immediately 
ahead of and immediately following the heating coil. Flow was determined from 
readings of a calibrated meter located near the entrance to the coil. A standard 
surface-type heat meter, also calibrated, was used to obtain the total rate of 
heat loss (radiation plus convection) from unit area of the heated floor surface 
to the room. For the first system panel surface temperatures were recorded at 
five points (shown as fg, tgo, tg3, tgs, and tg; in Table 1); for the second 
system six such temperatures were recorded. 


ANALYSIS OF Test DATA 


For purposes of the present report the word loss is used to designate the 
difference between the quantity of energy supplied to the heating panel and the 
quantity of energy transferred from the upper surface of the panel to the occu- 
pied space. (Refer to the section on Discussion for an explanation of the con- 
ditions for which this term may be a misnomer.) The total energy input to the 
panel is given by, 


Qt = (8.345) (60) (gpm) (@# ......... (I) 
where 
Oa = real ‘ input to the heating panel expressed in Btu per (square foot) 
our). 
gpm = experimentally determined flow rate through the sinuous coil. 
temperature of the water at entrance to the coil. 
i; = temperature of the water at exit from the coil. 


The total heat transferred from the panel surface to the room in Btu per hour 
is given by the expression 


where 
Qm = experimentally determined heat meter reading. 
A, = area of the panel. 


Now let Z equal the percentage of total energy input which is lost from the 
edges and from the rear of the panel and note that 100 —Z is then equal to the 
percentage of input which is transferred from panel surface to the room; then 


QmAp/Oe = (100 — Z)/100 . . . .. (8) 
where 
Z = the only unknown and hence can be solved for. 


One difficulty exists, however, in the accurate evaluation of panel area. In 
the room tested, as would be true in most actual floor-panel heated rooms, some 
obstruction of panel surface existed. Of a total heated area of 118 sq ft, 8 sq 
ft (6.8 percent) was covered by a worktable with cabinets under it that extended 
to the floor. The heating effect realized from this completely obstructed area 
would obviously be something less than from other parts of the panel hence, 
if this reduction were not taken into account, the value of Q,,4, would be unduly 
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small and the resultant calculated value of the losses, Z, would be less than the 
true value. One method of correction would be to assume that the upward heat 
flow from the obstructed panel surface is some fraction of the upward flow 
from equal area of unobstructed surface. Considerable difficulty exists in deter- 
mining a numerical value for this fraction, but if it is assumed to be conserva- 
tively small the resultant value of Z would be greater than the true value and 
one could then deduce that the true value of Z is necessarily between the values 
obtained, with uncorrected panel area and with corrected panel area. This 
procedure will be demonstrated with sample calculations for test No. 1 with 
the first heating system (data read from Table 1): 


Substituting test data into Equation 1, 


Qt = (8.345) (60) (1.16) (99.5 — 92) 
= 4350. 


Substituting into Equation 3, 


(26.9) (118)/(4350) = (100 — Z)/100 giving, 
Z = 27 percent for uncorrected panel area. 


To determine an expression for use with the corrected panel area, let X equal 
the fraction of edge and rear losses from unobstructed heating surface to upward 
transfer from unobstructed surface. Then the total energy input to unit area 
of unobstructed panel would be, 


Now assume that losses from obstructed surface are the same as losses from 
unobstructed surface, but that upward transfer from such surface is only 10 
percent of that from unobstructed surface; the total energy input to unit area 
of obstructed surface would then be, 


and the total energy input to the entire heating panel would be, 
Qe = QmAu(1l + X) + QmA(O1 +X)... (6) 


where 
A, = area of unobstructed heating panel. 
A. = area of completely obstructed heating panel. 


The only unknown in Equation 6 is X, hence, this term can be solved for and 
the losses, Z, subsequently calculated from the relationship, 


Now substituting the test data for test No. 1 into Equation 6, 
4350 = (26.9) (110) (1 + X) + (26.9) (8) (0.1 + X) 


giving, 
X = 0.434. 


and then from Equation 7, 


Z = (100) (0.434)/(1 + 0.434) 
= 30.1 percent losses for corrected panel area. 
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The true losses from the panel are therefore between 27 percent and 30 percent 
with the higher figure probably being closer to the true value. 

The above sample calculations are representative of those for the first three 
tests which are reported (Table 1) for the first system. For the second system 
the method of calculation for uncorrected panel area is no different from the 
method for the first system, but for the corrected area an additional term appears 
in Equation 6 to take account of partial obstruction over a 5 sq ft area of panel 
due to cabinets that come within 2 in. of the floor. Here, again, an assumption 
is necessary as to the influence of the partial obstruction; upward transfer of 
heat from this section has been taken as 20 percent of that from unobstructed 
panel; the revised form of Equation 6 is then, 


Or QmA + X) QmA -(0.1 +X) + QnA +X) (8) 
where 
A. = partially obstructed panel area. 


An additional calculation permits evaluation of the combined film coefficient for 
radiant and convective transfer from the panel surface to the room. If the 


TABLE 2—SUMMARY OF RESULTS 


System No. 1 System No, 2 
Test NUMBER 
No. 1 | No.2 | No.3 | No.4 | No.1 | No.2 
% Loss (Based on uncorrected panel area) .| 27.0 | 27.4 | 25.4 
% Loss (Based on corrected panel area). ..| 30.1 | 30.2 | 28.6 nee 
Film coefficient (Btu/hr/sq ft/F deg)... . 2.02 | 2.09} 2.28] 2.23] 2.20 


experimentally determined panel surface temperatures given in Table 1 are aver- 
aged and if the average is identified as ¢t,, the film coefficient 4 will then be 
obtained from the equation 


Om = h(ts ts) 
or 
h = Qm/(te — ts) Btu per (hr) (sqft) (Fdeg). ....... Q) 


DIscussION OF RESULTS 


Table 2 summarizes the results obtained from the data of Table 1 by the 
methods described in the preceding section. Losses based on uncorrected panel 
area are seen to range from 25.4 percent to 27.4 percent for the first system 
whereas the corresponding losses based on corrected area range from 28.6 per- 
cent to 30.2 percent. Differences of this order of magnitude are of no practical 
significance and, considering the difficulty of achieving steady state in a system 
of this type, the extent of the agreement of test results seems almost fortuitously 
good. 

For the second system the losses are indicated as being slightly greater than 
for the first, but since only one test is reported this difference cannot be inter- 
preted with any degree of assurance. The main purpose of the single run on 
the second system was to provide an overall check on the results from the first 
system and the authors suggest that the extent of agreement between results 
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from the two systems is surprisingly close. From theory one would expect a 
slight increase in losses from the second system since the tubes are embedded at 
a depth of 1 in. as compared with 1 in. depth for the first system; this difference 
in systems may explain the indicated difference in results, but such an explana- 
tion cannot be considered conclusive on the basis of a single test. 

Interpretation of the term loss requires recognition of the three ways in which 
energy leaves the sides and the rear of a heating panel. For the two systems on 
which tests were conducted the heating panel did not occupy the full floor area 
of the room, hence part of the energy which was lost from the heating panel 
undoubtedly served to warm adjacent unheated floor area and thereby contributed 
to the ultimate heating of the room. In terms of system effectiveness this fraction 
obviously is not a true loss. The remaining energy which escapes from sides 
and rear of the heating panel is either lost to the earth directly below the unit 
or is lost peripherally to the surrounding earth. In seeking means of increasing 
the thermal effectiveness of a floor panel, a first step would be to separate the 
peripheral and vertical losses and thereby determine the extent to which use 
of peripheral insulation would reduce the total losses of the system; it is hoped 
that data related to such a separation can be obtained during the 1950-1951 
heating season and presented in a subsequent paper. 

The film coefficients resulting from these tests (see Table 2) are of particular 
interest in that they provide direct substantiation, from an actual field installa- 
tion, of the results obtained in the laboratory by Wilkes and Peterson?. Much 
disagreement has existed as to the rating of floor-type heating panels, but the 
present results seem to indicate that ratings of actual panels do not appreciably 
differ from ratings obtained in the laboratory under controlled conditions. For 
a panel designed to operate at surface temperature of 85 F in a room with air 
temperature of 70 F, both laboratory and field tests now show that the total 
upward heat transfer (the panel rating) will be from 30 to 35 Btu per (hr) 
(sq ft). There have been many expressions of opinion to the effect that ratings 
much higher than this occur, but so far as the authors have been able to deter- 
mine there have never been any published data, obtained under precise test con- 
ditions, to substantiate belief in a rating higher than 35 Btu per (hr) (sq ft) 
for an 85 F floor panel in a 70 F room. 

During the heating season preceding the one in which the heat loss studies 
were started, data were obtained from the same two systems and used in calcu- 
lations® of film coefficients based on assumed losses of 10 percent. In Table 2 
test No. 4 on the first system and test No. 2 on the second system present recal- 
culated values of the film coefficients based on revised losses equal to the values 
obtained from the other tests; it will be noted that on this basis the earlier tests 
give film coefficients almost identical with those obtained from the series of 
tests reported in this paper. 


CONCLUSIONS 


Over a two year period tests were conducted on two floor-type panel heating 
systems installed in regularly occupied rooms of an industrial building. Both 
systems used 34-in. sinuous coil copper tube on 9 in. centers and in each case 
the coil was embedded in a 4 in. concrete slab poured over a 6 in. gravel fill. 
No insulation was provided either under or at the sides of the slab, or of the 
structure, and in each case the heated section of floor was less than total floor 
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area. Cellular insulation, 34 in., separated heated from unheated floor sections. 

Edge and rear losses (which could not, in these tests, be separated) were 
found to agree very closely on all tests and to be of the order of 30 percent 
of total energy supplied to the heating system. Based on these results it is 
evident that some type of insulation is required with floor-type panel heating 
if the operating cost is to be kept at a reasonably low value. 

The film coefficients of heat transfer calculated from test data agreed very 
closely with the values obtained by other investigators and suggest that an 
acceptable design value of combined (radiation and convection) film coefficient 
for floor heating panels is 2.1 Btu per (hr) (sq ft) (F deg temperature dif- 
ference from panel surface to air). 
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DISCUSSION 


W. J. Hajek, Pasadena, Calif. (Written): The facts so clearly brought out in 
this paper confirm the necessity of careful and complete analysis of all factors involved 
in the design of a floor panel heating system, before a correct decision can be made 
as to the best means of controlling the heated space. 

It is obvious that insulation is necessary if greater efficiency is desired. It also 
appears that without such insulation, the matter of space temperature control appears 
impossible without considerable expensive means, during those periods when a reverse 
flow of energy takes place, that is, from earth to panel. 

If the panel is insulated, control of the time factor by outdoor signals appears to 
offer the best approach to successful control. However, indoor anticipation may be 
satisfactory in many cases. Where the panel is not insulated, present methods of 
control will prove inadequate and perhaps bring headaches to those concerned. 

Group D of the Technical Advisory Committee on Panel Heating and Cooling 
will no doubt make good use of these findings in their approach to the research work 
in controls. 
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L. B. Nye, Jr, Washington, D. C. (WritrEN): We were greatly interested in 
the report by Hutchinson, Mills, and LaTart on losses from a floor type panel heating 
system. Presented with the problem of estimating operating costs of similar systems, 
we made an operating cost study on sixty gas heated homes of this type three years 
ago. 

These homes were in two different groups by two different builders. About one-half 
of them used a sinuous heating coil in a concrete slab and the remainder used a grid 
type coil similarly located. In each case, the slab was insulated at the edge with 
one inch of rigid insulating board. 

Analyses of the monthly meter readings for the sixty houses over a twelve month 
period indicated the operating cost of the heating systems to average 33 percent 
higher than that of similar houses of equal heat loss which were heated by direct 
standing radiation or warm air systems. 

The study also indicated that the cost per degree day was far higher in mild 
weather than in severe weather. Occupants reported that it was necessary to main- 
tain a constant thermostat setting day and night because of the slow pickup afforded 
by the systems. From this we concluded that the excess operating cost was a result 
of high heat losses to the ground which made up an increasingly large percentage of 
the heat demand as the weather grew mild. 

We have been waiting for some time for more precise tests to back up these 
observations and felt some justification in the conclusion of this paper that 30 percent 
of the total energy supplied to the heating system was lost to the ground. 

I should hasten to add that in none of the homes studied in our test was there any 
complaint of unsatisfactory heating. Customers were uniformly pleased with the 
quality of heating received and inasmuch as the houses were small, the total operating 
cost was not a subject of complaint. 


E. L. Weser, Seattle, Wash. (WritTEN): In our practical experience we always 
use an expansion joint around the outer perimeter of a floor slab panel installation. 
This joint also acts as insulaticn between the slab and outer wall. If the slab rests 
upon a footing, it is essential to place insulation between the slab and the top of 
footing. 

In multi-story concrete buildings with monolithic concrete slabs and walls, we keep 
the coils back from 10 in. to 12 in. from the inside wall. 

I consider a 1 in. coverage for floor coils too small. It should not be less than 
1% in. especially if copper coils are used, which expand considerably more than the 
concrete and are liable to cause cracks in the floor. Slabs should be poured and finished 
monolithic in one operation. This avoids heaving up of the finishing slab. 


B. Le B. Muscrave, New York, N. Y. (WritTEN): 1 would like to congratulate 
the authors on making a most valuable contribution to panel heating by producing 
actual results obtained in a field installation. 

Many years ago when I received my training, experience and the crude testing 
methods of those days very quickly taught us to treat floor type panel heating on 
grade with the utmost respect and caution, for the very reasons which the authors 
have set forth here today. Even with 2-in. granulated cork slab insulation, which 
was cheap in pre-war days, and with 1-in. insulation between the edge of the slab 
and the outside wall and foundation, we always had to allow at least 20 percent 
loss downward. Experience has taught us that panel coils should be set with the 
top side 2-in. below the surface of the floor including the finish coat, but excluding finish 
when non-insulating materials such as terrazzo, tiles, asphalt etc. are to be the finish. 
With insulating materials such as wood block, cork tile, etc. the coils should be set 
with the top side 1-in. below the surface of the finish coat, but in spite of the coils 
being 1-in. nearer the surface, 5 percent reduction on emission has to be allowed for 
this latter method. I submit that the greater depth allows a more even temperature 
spread over the whole panel area by cutting down the temperature differential between 
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pipes, and the readings for system 2 in Table 1 where the coils were at a greater 
depth, seem to support our practice. I would like to know if the authors’ tests sup- 
port this reasoning. 

Two years ago in connection with snow melting, I came across a well known 
commercial asphalt mix, which has ingredients incorporated which give it outstanding 
properties as a moisture barrier, and in addition giving better heat insulation than 
materials I had previously known. It is also being specified for floor panel heating 
systems with very great success. I mention this in case it might be of help to those 
who have not yet heard of it, since cork has become so expensive, and aluminum 
foil insulation may become difficult to obtain. Independent laboratory tests in June 
1950 proved the superior qualities of this material. Asphalt as you know is warm 
to the touch, a good heat conductor, and yet easy on the feet—therefore excellently 
suited to floor panel heating. 

The utmost discretion must be used when considering the use of floor panel heating 
for the reasons mentioned in the paper. It is not the answer to panel heating for 
all types of premises. It is suitable for factories, halls, churches, lobbies, etc., but 
not necessarily suitable in premises or homes where floor obstructions of the panel 
area which is not allowed for, may take place in the future. For example, built-in 
furniture may be installed tight to the floor over the panels, or heavy carpeting and 
underlays laid. The emission from the floor panel can be upset by this blanketing, 
and the feeling of comfort may be impaired. To counteract this, the floor panels 
have to be forced to a higher temperature with a subsequent increase in fuel con- 
sumption. One point put forward in favor of floor type panel heating is that it 
insures a warm floor. However, by proper designing with ceiling or wall panels, 
the floor is going to be warm anyway. 

Please do not feel that, because of the precautions that have to be taken with floor 
panel heating, I am indirectly saying that it should never be used. There is a place 
for it, in the right type of premises. After all, because a certain type of lighting 
fitting gives excellent results in a factory, the electrical engineer does not use this 
exclusively for all premises. 


J. M. Van NieuKerKeNn, New York, N. Y.: Some of the comments that occurred 
to me when I read this paper have already been touched upon by Mr. Mills in his 
presentation. So apparently we see eye to eye, after all, on some of the points 
I wished to bring out in the discussion. 

The authors have rendered the industry a real service by undertaking these tests 
and focusing attention on a subject about which there still is a good deal of uncer- 
tainty. The tests on their particular installation show that ground and end-losses may 
indeed reach values of 27 to as much as 33 percent, although they admit that a con- 
siderable portion of what they call the ground losses may actually be used to heat 
adjacent portions of the panel not equipped with coils. 

In reading this report a number of questions occurred to me: (1) Why was only 
roughly 50 percent of the floor equipped with coils? 

The direct losses to the ground underneath for a larger panel with a correspondingly 
reduced water temperature might have been the same due to the longer length of 
the coils, but the end losses, and therefore the total ground losses, would presumably 
have been reduced due to the lower temperature gradients. 

The paper itself does not state what end insulation was provided. The magnitude 
of the ground losses, which in this case were understood to include the edge losses 
to adjoining panels, seems to indicate, however, that the insulation, consisting of 
1 in. celotex strips separating the panels from one another and from the walls, was 
inadequate. The use of much wider strips of waterproofed edge insulation and the 
modern practice of providing such insulation for some two or three feet along the 
edges under the slabs would probably have yielded widely different values of the 
ground losses. 
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(2) Losses of 27 to 30 percent in the location of the test installation might have 
been much less elsewhere where ground conditions are more favorable. The authors 
do not state what their actual ground conditions are. The possible presence of mois- 
ture in the soil under the slab and the need under all circumstances of slab systems 
having thorough drainage should always be countenanced. 

(3) No good designer would propose a ceiling type radiant heating installation 
without adequate insulation behind the coils, unless he belongs to those who want to 
straddle two horses by heating two stories simultaneously and thereby having no 
solid footing on either. 

Why then should one wish to build floor slab installations without making sure 
that the slab is adequately insulated from the sub-soil below? This does not neces- 
sarily mean the need for extra insulation. In some localities the ground itself pro- 
vides the insulation naturally, for instance, where the ground is highly porous and 
only thorough drainage is needed, perhaps by means of a shallow ditch around the 
building to divert surface water. 

In certain areas in the east, where the ground conditions were found unusually 
favorable, may thousands of floor slab installations seem to have given a very satis- 
factory account of themselves. Complaints from other areas, however, show that 
in these localities the results were much less favorable, if not actually unsatisfactory. 

Incidentally, the use of insulation under the concrete floor slab or under the wood 
floors over a crawl space, where ceiling panels provide the necessary heat, might 
in a number of cases have solved what experience has proved to be inadequate or 
merely skimpy design. 

In some localities ground conditions are so severe that, in order to provide suffici- 
ent insulation for the surface slab, even a deep layer of broken stone or clean gravel 
is insufficient, and it may be necessary to top the latter by a sub-slab of, say, vermicu- 
lite concrete, or by several layers of asphalt paper made impervious by waterproofing 
compounds. On the other hand, in numerous instances the beds of broken stone or 
gravel, varying in thickness from 6 to 9 in. together with adequate water-proof edge 
insulation, have proved to provide all the insulation necessary for economical operation 
and comfort. 

The authors have touched on an extremely important aspect of radiant heating; 
the industry therefore will look forward with great interest to their subsequent 
reports. Their studies should be of considerable help in eventually overcoming the 
uncertainties which greatly varying soil conditions in widely scattered geographical 
locations still impose on the floor slab type of radiant heating installations. 


P. B. Gorpon, New York, N. Y.: This paper is another confirmation of the need 
for some form of insulation behind any panel installation, whether it be a ceiling 
panel or a floor panel installation. This point has also been made by Mr. Van 
Nieukerken. Not only does this insulation affect the downward loss or reverse loss 
in this case, but it also affects the upward output into the room. 

However, there are a few questions I should like to submit to the authors for 
discussion : 

1. Is the outdoor temperature data available for the time of the test runs? The 
magnitude of the reverse losses is closely related to outdoor temperature. 

2. Does the three-quarter inch insulation break mentioned in the paper that sepa- 
rates the heated floor section from the unheated floor section project below the slab? 
If not, there would be some effective heat flow from the edge of the heated panel 
into the adjacent panels thereby creating effective heating into the test room itself 
with resulting effect on values given for the surface conductance. 

3. Is it not extremely difficult to obtain an average surface temperature for the 
panel as constructed? An embedded depth in the order of half an inch or one inch 
is much shallower than usual for panels with tubes on nine in. centers. Because of 
such wide spacing and very shallow embedded depth, the temperature spread between 
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the tubes is high, in the order of 4 or 5 deg, or more, and not readily determined 
by taking a few thermocouple readings, as indicated in the paper. 

A slight discrepancy in this temperature difference would affect the heat output 
given in terms of Btu per (hr) (sq ft) per degree difference, as we are only talking 
of relatively small temperature differences for the combined convection and radiation 
release. 


4. Was there any other heat release available in the test room during the period 
of the test run? 

I am not too certain, though I believe when these rooms were originally built they 
also had ceiling panels. Any other form of heating in operation in the room during 
the period of test run, of course, would not only affect the heat release into the room 
but also affect the loss into the ground. 


5. lf there was no other heat release into the room, what is the comparison between 
the Btu per hr requirement for the space as calculated by THe GuipE methods com- 
pared with the measured release from the panels? 


6. I believe it to be a mistake to indicate heat outputs from floor panels or ceiling 
panels in terms of total Btu per (hr) (sq ft) per degree difference between air and 
surface temperature, or to use a combined film coefficient for radiation and convection 
release. 

For example, with a 70 F room and with, say, a 63 F average unheated surface 
temperature for the other surfaces of the room, the total output might be in the order 
of 30 to 35 Btu per (hr) (sq ft). However, there are many rooms that have unheated 
mean radiant surface temperatures as high as 68 or 69 F, and likewise other rooms 
that have unheated average surface temperatures as low as 40 to 45 F. Therefore, 
the 15 deg temperature difference between room and air and panel surface is no longer 
a valid method of expressing the combined heat output. 


7. With regard to reverse loss from the panel, and in this case into the ground, 
should we not divide the total reverse loss into two items: one, the flow of heat 
that would go into the ground because we have a 70 F room built on the ground? 
Any room built on the ground with any form of heating will have some loss into 
the ground. The remainder of the total loss would then result from the warm water 
piping system built on the ground. Otherwise, we are liable to distort our thinking 
by adding these two items which represent the 27 or 30 percent total reverse loss 
that is used in the paper. The question is—how would this loss compare with the 
flow into the ground for a panel ceiling system, an air heating system, an exposed 
radiator system, or a convective system? 

8. Is there justification for deducting the obstructed area? I believe some of the 
heat flow up through the obstructed area eventually ended up in the room as heat 
release, or blocked the flow of heat to the outside of the obs..ucted area thereby 
affecting the loss calculation. 

The authors are to be thanked for a valuable contribution to the fund of data 
on this subject that is now being presented for critical review. 


W. P. CuHapman, Pittsburgh, Pa.: I have three comments to make: (1) the 
importance of QmAp», (2) the evaluation of Qm, and (3) the evaluation of Ap. 

The back losses are based on the term Qm4p»; therefore, the exact evaluation 
of that term is the crux of the matter. The accuracy of determining QmA, is the 
accuracy of determining the back losses. 

The second comment, evaluation of Qm, concerns the use of a heat meter. The 
point here is that a heat meter will have various readings in various places; that is, 
a meter would have a maximum reading if placed directly over the pipes in a panel, 
and would have a minimum reading if placed exactly between the pipes. It so hap- 
pens that the average surface temperature of the panel does mot lie exactly half way 
between the lowest and highest surface temperatures; therefore, the meter should 
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either be large enough to cover the pipe spacing (9 in.) or be placed in several 
locations. An example of the importance of considering the surface temperature 
variation can be obtained by considering the data presented in Table 1 and applying 
Equation 9 of the paper. Consider Test No. 3. The maximum surface temperature 
is 88.0 F and the minimum is 77.0 F (as recorded). According to Equation 9, 
Qm=h,(ts—ta) and if we use 88 or 77 F for ts then t,—t, is 18 and 7 respectively 
or a variation of 257 percent. The authors do not say, but if the meter is 4 in. 
square, we could consider less variation, but even so the variation is of significance 
and should be discussed. 

The last comment, the evaluation of A», is suggested in the paper as the difficulty 
of the accurate evaluation of panel area. From reading the paper, it was difficult to 
appreciate the 102 sq ft of non-panel floor area. If we consider the 102 sq ft as 
having some panel effect (by lateral conductance from the panel) then QmAp must 
be corrected. For example, if the 102 sq ft averaged % of the panel output (above 
9 Btu per hr per sq ft) then the QmA, term would be increased and the back losses 
reduced to 10 percent. 

In both items, Qm and Ap, it is possible to take the same data and have back 
losses far less than the 30 percent mentioned in the paper. 


Autuors’ CLosure (F. W. Hutchinson) : In the first question Mr. Van Nieukerken 
asked why the panel did not cover the entire surface of the room. It intentionally 
did not, because we felt that the most accurate test would be of a normal panel under 
a normal load. In other words, we proposed to have a panel which would function 
as 85 F with a water temperature of around 95 F. If we had used a larger panel 
it is obvious that we would have had to have a lower panel temperature. 

Mr. Gordon’s first question was: When were the data taken and what was the 
outside temperature? As indicated, we took data over an entire heating season. Most 
of the data were taken at approximately midnight, because that is when we usually 
found steady state was most assured. I cannot tell you the outside temperature range 
exactly, but it was approximately 0 to 20 deg. 

Mr. Gordon’s second point was with respect to the insulation which separated the 
heated section of the floor surface from the unheated section. That insulation, as the 
paper says, was three-quarters of an inch of cellular material. It did not extend 
below the concrete slab. Mr. Gordon is quite correct that some of the energy which 
we call a loss obviously would pass to the surrounding unheated section; we have 
called attention to that in the paper. You will find that we have brought out the 
fact that the losses as we have used the term are not necessarily all ground losses. 

Question No. 3 of Mr. Gordon’s also ties in with Mr. Chapman’s; that is the 
matter of surface temperature. He points out that the five thermocouples give quite 
different readings of surface temperature and asks how we know that those five 
average the proper value? The data in the paper do not enable you to reach the 
conclusion that it is a true average, but I may say that before we started the tests 
we used an exploring thermocouple taking readings at distances of a few inches all 
over the entire room surface. At the same time, in each of those runs we would 
take off five thermocouple readings and change the position of the thermocouples 
so that eventually we found the five particular thermocouples which gave an average 
value that corresponds very closely to the integrated summed value of the exploring 
thermocouple readings over the entire room surface. 

Question No. 4 of Mr. Gordon’s was with respect to any other type of heat in 
the room. The answer to that is yes; the room had a ceiling panel heating system 
as well as a floor panel heating system, but during the period of the tests the panel 
under observation is the only one which provided energy. 

Mr. Gordon asked whether we compared the output of the panel with our load 
calculations as determined by THe Guipe method. We did not do so because such 
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a comparison would not have had significance for the purpose of these particular 
tests. 

Mr. Gordon’s sixth question concerns the film coefficient. Whether it should or should 
not be used in design is not a matter pertinent to our paper. However, the reason we 
developed the equivalent coefficient from this paper was primarily to emphasize the 
fallacy of claimed panel ratings of 80 Btu per sq ft or 90 Btu per sq ft. 

In Mr. Gordon’s seventh question he brought out that some of the 30 percent 
energy loss would have occurred even if you did not have a panel system. We 
certainly agree and I think that his point is an excellent one. 

Mr. Gordon asks the question, as Mr. Chapman did also, of whether we should 
deduct the obstructed area. In the first place, we assumed there was no obstruction; 
we did not make any correction and we received one answer, 27 percent. Then we 
took very conservative assumption as to what part would flow up and we obtained 
an answer of about 30 percent. All we say now is that since 27 percent comes from 
a poor assumption in one direction, and 30 percent from a poor assumption in the 
other direction, the accurate answer is going to be 28 or 29 percent. 

For the Qm part, Mr. Chapman is correct. As I mentioned before, we used 
exploring thermocouples to find out how much variation occurred around the floor 
surface. In an earlier paper you will find a detailed discussion of results from the 
same test room showing the extent to which variation in temperature occurs hori- 
zontally between coils. I mentioned, however, that we used exploring thermocouples 
to determine the average temperature. In that way we selected a position in the 
room for standard use of the heat meter for which the surface temperature would 
correspond very closely to the average value of the five thermocouples. 

In conclusion we note that a number of the discussors emphasize the evident need 
for insulation with floor panels and they suggest that the results in the present paper 
are not representative of average floor installations. We quite agree and want merely 
to remark that the purpose of our project was solely to obtain accurate experimental 


data from a typical uninsulated floor panel. Comparative data from other installa- 
tions would be invaluable and we greatly hope that such data will soon be forth- 
coming. 


No. 1408 


OPERATING EXPERIENCE AND DATA FROM A 
SIDEWALK SNOW-MELTING SYSTEM 


By L. A. Stevens* anp G. D. Wi1nans**, Detroit, MicH. 


systems for driveways, sidewalks and other paved sur- 
faces are not new. They have been used successfully for years so that there 
is now no question of the feasibility of such a system. Although many successful 
installations, larger than the one described herein, have been made, very few 
operating data have been available to date. 

The installation of a sidewalk snow-melting system on two sides of a modern 
restaurant building, situated on a corner in the business district of Detroit, 
and supplied with steam purchased from a local district heating company, pro- 
vided an opportunity to obtain valuable operating data which are reported in 
this paper. The system and its operation are described and data are given for 
both steam and electrical consumption. 

In this system there are nine prefabricated pipe grids installed in the 6-in. 
concrete sidewalk, with about 14% in. of concrete above the grids (Fig. 1). Con- 
crete pads were installed at the proper grade, as shown in Fig. 2, to support 
the grids during the construction period. These pads are 12 in. wide by 2 in. 
thick and extend the full width of the sidewalk. 

There are five grids on the Clifford St. side and four on the Washington 
Blvd. side, as shown in Fig. 2. Balancing valves and air vents were installed 
on each grid. 

The system was filled with a solution of anti-freeze and water to prevent 
freezing at —20 F. Since some anti-freezes are considered toxic, all solution 
supply and return mains were installed in the sidewalk instead of the basement, 
with access boxes over the balancing valves and air vents. The heating surface 
provided by this piping permitted a reduction in the amount of pipe in the grids. 


* Technician, Customers Steam Service, Central Heating Department, The Detroit Edison Co. 
aanen Superintendent, Central Heating Department, The Detroit Edison Co. Member of 
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The supply and return piping is 24% in. The pipe for the headers is 2 in. 
and the grids are 1%4-in. pipe on 12-in. centers. All joints except those at the 
balancing valves are welded. There are 2723 sq ft of sidewalk surface on both 
sides of the building. The total heating surface of the piping in the walks is 
1280. 

All piping in the sidewalk was covered with 14-in. of bitumastic before the 
concrete was poured to permit a slight movement of the pipe in the concrete. 

Expansion loops were provided in the supply and return piping, as shown 
in Fig. 3. These were covered on the sides of the pipe with air cell insulation 
before the concrete was poured to provide free movement of the pipe at these 
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Fic. 1. ARRANGEMENTS OF GRIDS AND SUPPLY AND RETURN PIPING IN SIDE- 
WALK SNOW-MELTING SYSTEMS 


points. The air cell insulation crushes upon movement of the pipe, thereby 
leaving a space between the pipe and concrete. Reinforcing wire also was 
installed over the piping before the concrete was poured. 

Fig. 4 is a diagram of the equipment that is installed in the basement for 
each of the two systems. Before erection, the equipment was assembled on the 
floor. This assembly is shown in Fig. 5. The equipment was the same for 
each of the two systems and includes the following: 


1. Heat exchanger having a capacity of 8450 gal per hour with a 20-deg temperature 
rise using steam at atmospheric pressure. 
2. Expansion tank, 13 in. in diameter by 50 in. long. 


3. Water pressure relief valve to discharge to floor drain. 
4. Water circulating pump equipped with a %4-hp motor. 
5. Solution temperature control valve on the steam supply. 
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Anti-freeze is put into the system at openings in access boxes in the sidewalk. 
A removable hose connection, as shown in Fig. 4, is used to add water, because 
permanent connections between city water supply piping and snow-melting 
systems are not permitted. 

Details of the operation of the snow-melting system during two snowstorms 
follow : 


Snow began falling on January 6, 1950, at 5:45 a.m. and at 6:30 a.m., after some 
snow had accumulated on the sidewalks, the snow-melting systems were turned on. 
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At 9:00 a.m., although the sidewalks were wet, all snow was melted. Snow continued 
until about midnight for a total snowfall of 4 in. The systems were turned off at 
12:30 a.m. Outdoor temperature on January 6 ranged from 25 to 28 F. 

A total of 9550 lb of steam was consumed during the 18-hour period. The maximum 
hourly use was 1013 lb, or 0.37 Ib per sq ft of sidewalk surface. The total electric 
consumption for the period was 6.5 kwhr. These results were satisfactory to the 
user, but would have been more so if the system had been started when the snowfall 
began. Supply and return solution temperatures for the Clifford St. system were 135 
and 125 F, respectively; and for the Washington Blvd. system 135 and 120 F, respec- 
tively. 

On February 13, 1950, there was a 5-in. snowfall starting at 4:45 a.m. and continu- 
ing until 12:30 p.m. From 12:30 to 1:00 p.m. freezing rain and sleet fell, and then 
rain started falling at 1:30 p.m. By midnight of the 13th, 1.88 in. of sleet and rain 
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had fallen. From midnight of the 13th to midnight of the 14th, there were 1.92 in. 
of rainfall. 

At 6:15 a.m. on February 13, two hours after the snowfall began, the snow-melting 
systems were turned on and left on until 8:30 a.m. of the 14th — a total time of 
26% hours. 

During the first part of the period, when snow or sleet was falling, the outdoor 
temperature varied from 26 to 30 F, and did not get above freezing until after mid- 
night of the 13th. At 9:00 a.m. of the 14th the outdoor temperature was 34 F. Had 
the system not been in operation, it is probable that the rain would have frozen on 
the sidewalk. The total steam consumption for this period was 13,400 lb. The 
maximum hourly steam consumption was 845 Ib, or 0.31 Ib per sq ft of sidewalk 
surface. The total electric consumption of the two water circulating pumps was 11 
kwhr for the 26%-hour period. Here again, the performance was satisfactory to 
the user, but would have been more so if steam had been turned on earlier. 

The curves in Fig. 6 indicate hourly steam consumption data for the entire building 
as well as for the two snow-melting systems during this period. 


On another day when there was no precipitation, the systems were operated 
for 9 hours to determine the steam consumption under these conditions. The 
systems were started at 6:00 a.m. with an outdoor temperature of 17 F and 
operated until 3:00 p.m. when the temperature had risen to 36 F. The tempera- 
ture of the solution being circulated was 100 F. 
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The total steam consumption for the 9-hour period was 2350 Ib with the 
maximum hourly use being 340 Ib, or 0.125 Ib per sq ft of sidewalk surface. 
The electric consumption for this period was 7 kwhr. 

The amount of pipe surface and the size of other equipment in a snow-melting 
system could be reduced if the system were operated continuously. The system 
in this report was an actual operation for 155 hours for the entire season, 
which we may consider from November 15 to March 31, or 3288 hours. It 
would appear that, if a system were operated continuously, about 3100 hours 
of this operation would not be necessary. From the test figures above, this 
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would mean 3100 X 0.1250 lb = 387 Ib steam per sq ft of sidewalk would be 
wasted. 

The total snowfall in Detroit during the winter of 1949-50 was 40.1 in. The 
total steam consumption of the snow-melting system was 97,947 lb and the 
electric consumption 64.5 kwhr, as shown in Table 1 for the winter of 1949-50. 

At another restaurant in Detroit, owned by the same company, it was 
necessary to have a man at the entrance to mop up the slush tracked in by 
patrons. This was not necessary at the new building provided with the snow- 
melting system. 

Some additional surface should have been installed under the revolving door 
since, during the snowstorms, a small amount of snow collected just outside 
of the revolving door. 

No provision was made to drain the melted snow from the sidewalk. The 
water evaporated about as fast as the snow melted. 
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TABLE 1—SuUMMARY OF DATA FOR SNOW-MELTING SYSTEM 
(Winter 1949-50) 


STEAM ELECTRIC 
Hours OF | CONSUMPTION | CONSUMPTION | SNOWFALL REMARKS 
OPERATION Pounpbs Kwar INCHES 
251% 13,175 10.0 2.6 Steam on beyond snowfall 
3% 2,702 3.5 a3 Steam on during snowfall only 
6% 4,764 2.0 2.0 Steam on during snowfall only 
434 3,864 3.0 2.0 Steam on during snowfall only 
14 1,539 0.5 No snow—threat of snow 
2% 2,383 1.5 0.7 Steam on during snowfall only 
1834 9,550 6.5 4.0 Steam on beyond snowfall 
244 trace 
134 1,538 1.0 trace 
3% 2,515 1.0 trace 
5% 3,715 3.0 2.7 Steam on during snowfall only 
il 6,624 4.0 2.6 Steam on beyond snowfall 
264% 13,401 11.0 5.0 Steam on beyond snowfall 
582 trace 
8% 5,948 1.0 2.0 Steam on during snowfall only 
1634 10,209 | 8.0 3.6 Steam on beyond snowfall 
2,928 | 25 | 2.0 Steam on during snowfall only 
24% 1,837 1.0 | 0.6 Sleet, rain, showers, and snow 
3,094 1.0 4.6 Steam on during snowfall only 
434 3,377 | 3.0 2.1 Steam on during snowfall only 
4 3,956 | 1.0 2.5 Steam on during snowfall only 
Total 155.25 97,947 | 64.5 | 40.1 
| 
CoNCLUSIONS 


Some conclusions regarding installation and operation of snow-melting 
systems based on this installation are: 


1. There is no need to provide drainage for the melted snow. 


2. Solution heaters should be capable of condensing 0.4 or 0.5 lb of steam per 
hour per square foot of sidewalk surface. 

3. The steam and electric consumptions are reasonable. 

4. Although not determined in this test it is obvious that where salt is used to melt 
ice and snow on sidewalks bordered by grass or shrubs, a snow-melting system would 
eliminate the need of the salt which would be injurious to plant life. 

5. It is desirable to operate the snow-melting systems only when there is snow on 
the walk or when snow is falling. 

6. There is a need for a simple control which would start operation of the system 
when a snowfall begins and turn it off when the snowfall is ended and the sidewalks 
are free of snow. 


7. A snow-melting system insures cleanliness in entrances and lobbies during snow- 
falls. 


ACKNOWLEDGMENT 


The authors extend their appreciation to all who have participated in the 
design and installation of this snow-melting system and in the preparation of 


‘ 


DaTA FROM A SIDEWALK SNOW-MELTING SYSTEM, BY STEVENS AND WINANS’ 57 


the paper, including, A. J. Caughey, heating engineer, The Stouffer Corp., the 
contractor, Galvin Plumbing and Heating Co., and its foreman, John C. Ritter, 
and to C. Howard Crane and Associates, Inc., architects. 


BIBLIOGRAPHY 


Melter Simplifies Snow Disposal, by T. G. Sughrue and L. Richardson (Railway 
Age, December 30, 1944, pp. 990-91). 

Radiant Heating to Keep Foot-Paths and Driveways Free from Snow (Architec- 
tural Forum, February 1945, p. 188). 

Snow Melting, Another Job for Gas; Steam and Hot Water Piped Under Drive- 
ways, Walks, Service Station Aprons and Airport Runways (Gas Age, March 8, 
1945, p. 26). 

Radiant Heat Keeps Outdoor Pavements Free from Snow (Scientific American, 
April 1945, pp. 248-49). 

Snow Melting by Underground Pipes, by T. Napier Adlam (Heating and Ventilat- 
ing, June 1945, pp. 87-9). 

Snow Melting by Underground Pipe Lines (Heating and Ventilating, August 1945, 
p. 110). 

Removal of Snow from Elevated Highway Structures, by P. R. Walters (Roads 
& Bridges, September 1945, p. 150). 

Driveway Cleared of Snow by Underground Pipe Coils (Gas Age, January 24, 
1946, p. 62). 

Barber-Greene Snow Melter (Railway Age, March 16, 1946, pp. 571-72). 

Gas Heating System Melts Snow from Theatre Sidewalk (American Gas Associ- 
ation Monthly, May 1946, p. 207). 

Snow Removal on New York City’s Elevated Roadways and Bridges (Roads & 
Streets, May 1946, p. 87). 

Snow Melting Systems for Driveways, by D. D. Douglass (Heating and Venti- 
lating, June 1946, p. 73). 

Radiant Heat Keeps Loading Area Free of Snow, by J. Montagnes (Factory 
Management, August 1946, pp. 106-107). 

How Design Snow Melting Coils? (Heating, Piping & Air Conditioning, Sep- 
tember 1946, pp. 101-102). 

Reports Many Advantages, Reasonable Cost for Snow Melting by Pipe Coils, by 
L. S. Smith (Heating, Piping & Air Conditioning, November 1946, pp. 87-90). 

Transient Temperatures Around Heating Pipes Maintained at Constant Tempera- 
ture, by A. Gemant (Journal of Applied Physics, December 1946, pp. 1076-81). 

Radiant Heating, by T. Napier Adlam (The Industrial Press, 1947, Chapter 15, 
pp. 321-347). 

How to Design Snow Melting Coils, by Paul S. Park (Heating, Piping & Air 
Conditioning, January 1947, p. 97). 

Snow Melting by Embedded Pipe, by T. Napier Adlam (Heating and Ventilating, 
August 1947, pp. 61-4). 

Sidewalk Snow Melting System, by Harry H. Bond (Heating, Piping & Air 
Conditioning, September 1947, pp. 90-1). 

Snow Removal by Steam Heat under Open-Air Shipping and Receiving Truck 
Ramps, by R. B. Thompson (Factory Management, November 1947, p. 97.) 

We Won’t be Caught Again; Plans for Snow Removal in. Milwaukee, by J. E. 
Hubel (Public Works Magazine, December 1947, p. 33). 

Snow Melting System in Heated Belmont (Mass.) Road Opens Way to Hilltop 
Dwellers (Heating and Ventilating, March 1948, p. 124). 

Electric Snow Melting for Sidewalks, by M. F. Muzzillo (Electric World, April 
10, 1948, p. 124). 


‘ 

inte 
q 
i 


58 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


Radiant-Heated Outside Concrete Ramp (Concrete, June 1948, p. 20). 

Snow Melting Job Pays Off, by T. Napier Adlam (Heating and Ventilating, June 
1948, p. 95). 

We Let Hot Water Shovel Our Snow, by J. H. Mowrey (Heating, Piping & Air 
Conditioning, June 1948, pp. 76-7). 

How to Figure Snow Melting Jobs (Domestic Engineering, June 1948, pp. 126-8). 
Discussion, by P. S. Park (Domestic Engineering, July 1948, pp. 138-40). 

Snow-Melting Systems; Their Design, Installation and Operation (Engineering 
News-Record, September 30, 1948, pp. 62-4). 

Michigan Prepares for Winter, by C. M. Ziegler (Public Works Magazine, Novem- 
ber 1948, pp. 25-6). 

How Michigan Battles Snow and Ice (Compressed Air Magazine, December 1948, 
pp. 304-5). 

How to Design, Install, and Operate Snow Melting Systems, by P. S. Park 
(Heating, Piping & Air Conditioning, December 1948, pp. 71-5). 

First Panel Heated Public Roadway (Klamath Falls, Ore.) (Domestic Engineer- 
ing, January 1949, pp. 114-15). 

Latest Recommended Practice for Snow Removal and Ice Control (Roads & 
Bridges, January 1949, pp. 53-4). 

Ice Control by Electric Radiant Heating (Engineering News-Record, January 20, 
1949, pp. 68-70). 

Electric Road Heaters, by C. M. Ziegler (Heating and Ventilating, April 1949, 
p. 122). 

Snow Melting System Serves Toll Bridge (Heating and Ventilating, July 1949, 
p. 66). 

Snow Melting Sidewalk in Front of the Duquesne Club, Pittsburgh (Heating, 
Piping & Air Conditioning, August 1949, pp. 88-9). 


DISCUSSION 


L. J. LaTart, Rome, N. Y., (Written): Commendation is due the authors for 
the excellent information published in this paper. The steam and electric consumption 
rates given will prove helpful to designers in estimating operating costs of snow-melt- 
ing systems. It is interesting to note the large savings that can be effected from 
intermittent operation of the system, since the required operating time is shown to 
be such a small portion of the total hours in the winter. It would be of further inter- 
est to know the average snowfall for this area. 


During the last three winters, we have been experimenting with three snow-melting 
systems. Two of the systems are installed in black top walks and driveways, and 
the third system is installed in a concrete loading ramp. We have found in the 
black top installation that tube spacing of 6 in. to 9 in. center to center, depending on 
length of coil circuit, is desirable to produce good melting patterns. There seem 
to be two reasons for this, first, because of the thermal conductivity of the black top 
and second, because the depth of bury of the heating coil is generally from 1 to 1%-in. 
below the surface. 

We should like to ask the authors the following questions: (1) What was the 
pattern of melting when starting with a cold slab after several days of cold weather, 
and after snow had accumulated on the slab? (2) Under those conditions would 
slushing occur between the rows of pipe during the melting period? (3) What was 
the distance between the expansion loops in the piping system? (4) What was the 
distance between expansion joints in the concrete walk? (5) Have any noticeable 
cracks developed on the surface of the concrete? 
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G. Lorne Wiccs, Montreal, Can.: I was very much interested in this paper. In 
Montreal we have the problem of melting a snowfall of 100 in. or more. I note 
that the heaters for this sytsem were designed to give 520 Btu per sq ft of sidewalk 
per hr. To melt the snow requires about 260 Btu per (sq ft) (hr); in the figures 
obtained the authors indicated 280 Btu per sq ft. 

I wonder why there are two systems of heaters and pumps, as one set would give 
a much lower installation cost. 

The authors mention the fact that no provision has been made for draining away 
the water. Where valves are imbedded in the sidewalk, as in this case, might not 
the enclosures or the spaces around the valves become filled with water and freeze 
when the system was shut off? 

In this case considerable thought has been given to the expansion of the pipes. We 
have been burying them in the concrete without provision for expansion. In fact, 
we have had coils up to 80 ft long without cracking of the concrete. 

The pipe described in this paper seems large for the purpose. We think the %4-in. or 
%-in. pipe will perform equally well but in most cases we use %-in. pipe, in order to 
keep the friction drop down to satisfactory limits. Certainly %4-in. pipe is appreciably 
cheaper to install than 14%4-in. pipe and requires much less anti-freeze solution. 

On the matter of spacing the pipes and the bury; the authors used a bury of 
1%-in. and a spacing of 12 in. You would find in a heavy snowfall of 6 in. or more 
that with such light bury and spacing you would get a series of furrows. You might 
even melt the snow so it is tunneled over the pipes and yet the top surface would 
remain intact. This furrowing or tunneling can be eliminated by reducing the spacing 
between the pipes and also by greater depth of bury, which will give a more uniform 
temperature of the surface. 


P. B. Gorpon, New York, N. Y.: I would like to ask whether the 400 or 500 Btu 
per hr per sq ft of sidewalk area that is indicated for the capacity of the solution 
heater was recommended for the pickup load, or whether it was intended to take 
care of the melting rate only. Many jobs are now operating in this climate with 
heat inputs in the order of 130 to 150 Btu per hr per sq ft. I am curious to know 
the reason for the 400 or 500 figure mentioned in the paper. 


F. H. Buzzarp, Philadelphia, Pa.: I note in the hookup that the City Fathers 
permit a makeup connection using a hose without even a check valve; yet they required 
valves in the sidewalk. I am wondering why they did not require an open expansion 
tank and prevent any possibility of the solution getting back into the water system. 


AutHors’ CLosurE: The authors appreciate the comments. In answering Mr. 
LaTart’s question, the average snowfall in Detroit is about 40 in. In the winter 
1949-50 the total snowfall was 40.1 in. The patterns are exactly the patterns of your 
grid. You will start out melting directly above your piping and continue outward as 
time goes on if you start from a cold slab. Of course, if you start from a warm 
slab and input is sufficient, you will have no pattern; you will just have a wet side- 
walk. 

Slushing did occur when you started up the system after snow had fallen. It 
would be well if you could anticipate or if you would start your snow-melting system 
as snow begins to fall. You would have no slushing and we believe the system would 
be more satisfactory to the customer. 

Some rather small cracks have appeared. These are not any greater in our opinion 
than might be expected in a walk without snow-melting. The distance between pipe 
expansion loops is about 40 ft. As I recall it, the expansion joints in the sidewalk 
are about eight feet apart. 

Mr. Wiggs’ comments are very interesting and with a snowfall of 100 in. you 
really get some work. We discovered in one experimental system that we tested, 
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1000 Btu were consumed per sq ft of sidewalk per hr. Considerable of that might 
have been edge losses because it was a small panel. Actually, in this system we 
were using 0.37 lb of steam per sq ft of sidewalk per hr, or roughly 370 Btu. 

As for the duplication of the system, this building was built without too much 
consideration given to cost; dependability being the main purpose. Surely, if it 
were built today only one system would be used. 

The access boxes made of bronze are set in the sidewalk and have screw tops. 
It is not likely very much water will get inside of them. Tunneling and furrowing 
is very possible, but, as Mr. Wiggs points out, that can be corrected by deeper burial 
and putting your pipes closer together. The hose connection is permissible only 
during the filling of the system, and must be disconnected as soon as the system is 
filled. 

Mr. Avery brings out the point that the melting of snow on airplane runways is 
probably very important. There have been some attempts at it. 

Incidentally, it might be of interest to mention that we tried at one time to lance the 
snow from the sidewalk with a steam jet, but that was not too feasible, either from 
lack of knowledge or persistence. 
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No. 1409 


DESIGN FACTORS IN PANEL AND AIR COOLING 
SYSTEMS 


By C. S. Leopotp*, PHILADELPHIA, Pa. 


HE PERFORMANCE of a cooled panel is better than would be anticipated 

by the calculations used for panel heating, as the major internal sensible 
loads for which cooling is required appear in significant proportion as short 
wave length radiant energy, which is usually not recognized in panel heating. 
Since the air is substantially transparent * to radiation, it is not directly warmed 
by radiation. Radiant energy may be converted into thermal energy when it 
strikes a solid. The amount of radiation reflected and the amount converted 
into thermal energy depends on the absorptivity of the surface, the difference 
in the fourth powers of the absolute temperatures of the source and sink, and 
their geometry. For sunlight, and for large portions of the energy emitted by 
a luminaire, there is such a large difference between the temperatures of the 
source and the structure that the conversion of radiant energy to thermal energy 
is practically independent of the surface temperature of the structure. Where 
radiant energy impinges upon a cooled panel, a portion of the radiation which 
is converted to thermal energy is removed even though that panel be at or 
somewhat above the room air temperature. The portion of radiant energy which 
can be so removed has been measured and named Independent Radiant Trans- 
(IRT). 

The radiant energy absorbed by the surface of walls, floor, or uncooled 
portions of a ceiling is, in part, conducted into the structure and, in part, trans- 
ferred to the air by convection or to other room surfaces by re-radiation. 

In conventional systems using only air for cooling, it would be expected that 
surfaces not provided with means of cooling would tend to rise above the room 
air temperature. The fact that the surface of the structure is directly warmed by 
absorption of radiant energy would also indicate that with a conventional cooling 
system there will be an increase in thermal storage even though cool air is 
supplied in quantity to maintain a constant room air temperature.!-? 


*Consulting Engineer. Member of A.S.H.V.E. 

+ Heat Transmission, by W. H. McAdams (2nd Edition, pp. 64-70). 

Presented at the 57th Annual Meeting of THe American Society or HeaTtiInNG AND VENTILATING 
Encineers, Philadelphia, Pa., January 1951. 


1 Exponent numerals refer to Bibliography. 
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Test DaTAa 


Data have been presented ! on the performance of a continuous, cooled metal 
ceiling, with various types of luminaire, in a test structure controlled so as to 
simulate a condition of thermal equilibrium between room air and structure. 

Data have been presented * for the solar load in a room with a continuous, 
cooled metal ceiling, a 10-in. cinder concrete floor, and with various arrange- 
ments of glass and shading devices. Tests were conducted to simulate the effects 
of thermal storage, with the under side of the floor slab maintained at a constant 
temperature corresponding to design room air temperature. 

For these tests, the rcom and fenestration were represented by a scale model 
of the building then being studied and solar radiation was simulated by a 
combination of a mercury vapor lamp and filament reflector spots. 
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Appendix A contains subsequent data on panel performance for a suspended 
ceiling consisting, in part, of cooling panels and, in part, of perforated metal 
in conjunction with sound-absorbing pads. 

For the test with luminaires, 29 percent of the suspended ceiling was cooled. 
Tests were conducted with and without the storage effects of a 10-in. cinder 
concrete slab. 

For the tests with solar heat and shading devices, 40 percent of the suspended 
ceiling was cooled. The experiments were otherwise conducted as previously 
described. 


PANELS 


General: Theoretical considerations corroborated by the tests previously out- 
lined indicated that it was not necessary to cool the entire ceiling in order to 
utilize coolant temperatures safely above the dew point. 

Applied sound-absorbing materials are generally of low thermal conductivity. 
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Cooling pipes imbedded in the actual ceiling structure would be effective but 
are open to some objection on the basis of complicating the application of 
acoustic treatment and in that they would require the coolant to be at lower 
temperature than would be required with a metal ceiling because of the tempera- 
ture drop, coolant to surface.* Despite this limitation, cooling by tubes imbedded 
in plaster or concrete is feasible. 

Cooling panels can be perforated to allow for sound-absorbing media above 
without materially affecting their thermal performance but a greater economy 
in the use of materials may result when only a portion of the ceiling is in the 
form of panels and the remainder in less expensive materials, such as conven- 
tional metal pan acoustic ceilings. 


One System: For the acoustic treatment of the average office, half of the 
ceiling as perforated panels will usually be sufficient. The general acceptance 
of acoustic treatment in modern office buildings led to the thought of introducing 
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the cooling panels and acoustic panels in a form which would fit the ordinary 
suspension for a perforated acoustic ceiling. Cooling panels were designed as 
shown in Fig. 1. The basic material is an aluminum extrusion, approximately 
0.062 in. thick, with channels on the top in which copper tubes are placed in 
close fit and then deformed to provide thermal contact. Tubes can be deformed 
either by flattening or by expanding. Copper tubing was selected because of 
its ease of assembly and its known resistance to corrosion. The panels fit into 
a typical ceiling suspension as shown in Fig. 2. They can be arranged in pattern 
as desired and, if it were necessary, the cooling panels could be perforated for 
additional acoustic treatment. 


Cooled Luminaire: Exploiting the idea of removing as much energy as 
possible at the source, led to the design of the panels in part as the reflector 
for a lighting fixture, as shown in Fig. 3. The performance per unit area of 
such a panel is higher than a normal ceiling panel since much of the radiation, 
as well as convected and conducted heat, is directly intercepted before it warms 
other room surfaces or the room air. 
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With any type of cooling panels forming a part of a suspended ceiling, the 
upper surface of the panel receives heat energy from the air above and by 
radiation from the under side of the floor slab or roof above. The air above 
a suspended ceiling is warmed by heat conduction through the ceiling structure 
which is not directly cooled and may be warmed by auxiliaries of the lighting 
system. There is some conduction from the uncooled portion of the ceiling 
to the cooled panel, in amount depending upon materials of construction of the 
uncooled ceiling and the conductive properties of the bond. 

Use of the luminaire panel is desirable where recessed fluorescent lighting 
is to be used. Where applicable, it has the mechanical and aesthetic advantage 
of reducing the number of different types of elements which form the ceiling. 
With flat plates, unless the plate is perforated to match the ordinary cheaper 
materials of construction used for the acoustic pans, there are four elements; 


Fic. 5. Construction, MANUFACTURERS 
Lire INSURANCE Toronto 


namely, the air grille, the acoustic pans, the cooling panel and the luminaire. 
With the cooled luminaire, the identity of the cooling panel is lost, thus re- 
moving one element. This is important in design as it is easier to obtain 
symmetry with the three elements than four. 

In general, the design of a suspended ceiling panel cooling system will require 
from 20 to 40 percent of panel. Fig. 4 shows a reflected ceiling plan using 
recessed fluorescent lighting and flat panels. Fig. 5 is a sample ceiling using 
the luminaire cooling panels. 

Below Window: The flat panel can also be used as a heating and cooling 
means below the window, and one method of application is shown in Fig. 6. 
The panel is used for cooling in summer and provides a cool surface to counter- 
balance the radiation from a hot window or venetian blind. 


HEATING 


In winter, the panels below the window can usually be the sole means of 
heating. Although the panels on the ceiling adjacent to windows can be used 


* Architects: Marani & Morris; Engineers: Charles 8S. Leopold, and Wiggs, Walford, Frost & 
indsay. 
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for heating, it is believed that optimum conditions are better obtained by provid- 
ing a warm surface on the outside wall directly below the cold glass, where it 
serves both to offset the radiation and to minimize the flow of cold air down the 
glass. These panels have the additional advantage that during the night they 
are the only part of the system requiring operation to keep the temperature of 
the structure balanced, thus reducing the required period of operation of the 
entire system. 

The foregoing description covers suggested uses of extruded aluminum 
panels. There are, obviously, many other ways of cooling a large surface by 
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a tube carrying a coolant as, for example, by thermally bonding metal tubing 
to rolled panels of any material or, as previously noted, by imbedding the coolant 
tubes in a plaster ceiling or in the concrete of the construction. The selection 
of the type of ceiling and the area to be cooled would be determined by eco- 
nomics and the need for acoustic treatment. 


VENTILATION 


For this discussion, forced ventilation has been assumed. Where it is desired 
to obtain relief, rather than controlled summer comfort, panel cooling can still 
be effective but the coolant temperature must be controlled to be above the dew 
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point at all times. The conventional cooling means, with control, can be used 
or the coolant can be re-cooled by evaporation, thus insuring that the tempera- 
ture at all times will be above the dew point. For controlled comfort cooling, 
air should be introduced in the amount and at a dew point to produce the 
necessary drying effect and ventilation and, since the dehumidification of the air 
is usually though not necessarily accomplished by refrigeration, the air may be 
economically used to produce a portion of the cooling effect. As previously 
pointed out 1, any thermal energy removed by the air has more than a propor- 
tional effect in reducing the required temperature difference between the room 
air and the panel, or in reducing the amount of panel required to remove the 
remaining sensible load. 


Space REQUIREMENTS 


The reduction in required volume of air supply, whether it be delivered at 
high velocity or at more conventional velocity, results in a simplification of the 
air distributing problem, with lesser requirements for ceiling heights than con- 
ventional systems. 

The design contemplated for a building which was to have 30-in. beams to 
span approximately 40 ft, is shown in Fig. 7. It was found that even with a 
building of large floor area, the largest hole required in the 30-in. beams, for 
horizontal distribution at low velocity, was 10 in. X 14 in. and the installation 
could, therefore, be made without effecting ceiling height. The acoustic and 
panel ceiling could be kept above the lower edge of the fire-proofed beam. 

Panel cooling is well suited for buildings having large interior zones and may 
have special application in buildings which employ other methods but have 
separate areas of illumination requiring high energy levels. 

The rentable area lost by air conditioning equipment is at a minimum because 
substantially the only floor space required outside of the apparatus room is that 
for the vertical trunk ducts when the major distribution is vertical. These 
ducts are inherently small because of the lower air quantity and may be designed 
for either commercial or for high velocity as the economics indicate. In general, 
the penalty incurred with high velocity in a trunk duct is very much less than 
in using high velocities in branch ducts. 

The conservation of rentable area and the clear floor plan is the more apparent 
advantage of panel cooling. Its relative thermal stability is also significant and 
will be discussed. 


ZONE vs. INDIVIDUAL CONTROL 


As an end result, the purpose of comfort air conditioning is to adjust the 
thermal environment so that the occupants can work without being conscious 
of discomforts or annoyances due to air temperature, humidity, odors, air 
motion, and radiation. 

For a group, the optimum temperature and humidity is well established. For 
an individual, there is no such assurance. The group optimum is a statistical 
average and any individual may depart slightly from the statistical optimum. 
It follows that where a number of people must work together in an enclosure, 
a constantly maintained optimum is desirable. Means of individual control for 
maintaining a different temperature, as between two rooms, both of multiple 
occupancy, or two parts of a large room, is not required. If two or more people 
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are constantly working in one room, they tend to require the statistical optimum 
and individual control is usually not required to maintain conditions other than 
the optimum. Depending on design, it may be required to maintain the selected 
optimum. 

In a single occupancy private office, there may be a demand for separate 
temperature control, either because the occupant wishes a small adjustment 
representing his departure from the statistical average, or because he wants to 
feel cold or warm. 

The purpose of this discussion is to show that there are two reasons for a 
multiplicity of controls or of control by small area. The first, if because of 
design it is necessary in order to maintain the selected optimum for the group; 
and the second, where it is desired to maintain a special condition for an individ- 
ual which would not be acceptable to the group. Individual control is generally 
costly and can frequently be avoided by proper design and control of a zoned 
system. In this latter case, the determining factor is how well the system can 
meet different loads in adjacent areas of the same zone. If one room has more 
people and lights than an adjacent room with substantially the same air supply, 
how far will they differ in temperature? For years there have been installed 
zone systems in which air is introduced at from 12 to 25 deg below maintained 
room temperature. For two rooms side by side; one occupied—lights on, one 
unoccupied—lights off, there would be anticipated a marked difference in 
temperature. In fact, if no factors such as heat storage were taken into account, 
the one room could be assumed to differ from the other by the amount of the 
temperature difference of the air introduced and the general average of air 
temperature in that zone. Actually, it is found that these differences do not 
materialize to this degree. This helpful phenomenon has been accepted and 
assumed as a result of thermal storage but storage, until recently, was considered 
as being caused by the warm air heating the structure by convection. It is 
now known that this effect is greatly accelerated by radiation and that the 
structure is frequently warmer than the room air. An overloaded room, for 
example, does not get so warm as one would expect because radiation has accel- 
erated the rate of storage.1:3 


An approximation of these results by analogue is shown in Appendix B. In 
Fig. B-5 a comparison of Columns 1 and 3 and Columns 2 and 4 indicates that, 
in addition to the effect of radiation and convection on storage, the actual con- 
duction through floor and ceiling is significant and that, as an end result, the 
variation between the underloaded and the overloaded room, with air introduced 
26.3 deg below room temperature, is 9.7 deg (Column 4); whereas by conven- 
tional calculation without regard to storage, a 23.2 deg variation would be indi- 
cated. With air introduced 13.3 deg below room temperature, the deviation is 5.6 
deg (Column 3) against a calculated 11.7 deg. The consideration of walls would 
further limit the deviation when factors of radiation, storage, and conduction are 
considered. These results explain the satisfactory behavior of well designed con- 
ventional zone systems and also show why poorly designed systems sometimes 
perform better than would be expected by conventional calculations. 


Since a very narrow deviation of maintained temperature is acceptable, need 
for large air quantities and low temperature differences between the introduced 
and room air is still of importance for conventional systems. Unfortunately, 
large air quantities frequently result in the requirement for additional building 
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areas or cube and, although this is seldom a determining factor in smaller 
buildings, it can be and often is of major significance in large buildings. This 
limitation is frequently not so serious in an existing building with higher 
ceilings than are customary in new construction. 

The response of a panel cooling system to the same conditions of loading is 
shown in Fig. B-7. For the stated condition, the deviation between the over- 
loaded and the underloaded room is 4.3 F as compared to 7.0 F with the con- 
ventional 13.3 T.D. system, as graphed in Column 1 of Fig. B-5. These results 
were obtained by simulating a completely rather than a partially paneled ceiling, 
and again do not take into account the effect of walls. In interpreting these 
results, consideration should be given to the following: They apply to an 
interior zone and to a load due principally to luminaires. In an office building, 
this is the preponderant load. For the solar load it was shown® that with a 
given masonry opening and for all types of glass, single and double, and for 
commonly used shading devices, room air temperature could be maintained by 
depressing the ceiling temperature by an amount varying from 12.1 to 9 deg, 
a difference of 3.1 deg. 

The foregoing indicates a second advantage of panel cooling; namely, the 
possibility of maintaining close to the predetermined optimum with lesser need 
for indivi ‘1al controls than would usually be found in the ordinary well designed 
conventional zone system. 

Individual controls can, if desired, be applied in the form of air volume, air 
temperature, or by control of water quantity or temperature to panels in a given 
area. Unless individual control is desired to take care of a single occupancy 
office, the air may be delivered at a predetermined constant temperature and the 
variations in load may be met by varying the water temperature to the panels 
by zones. There is considerable advantage in using constant temperature air 
supply to all zones of the building in that it avoids a multiple duct system with 
its complication of duct crossings. The trunk ducts become smaller in total 
area as higher velocities can be used in a larger duct at the same power expendi- 
ture. Constant quantity and temperature air delivery has proved satisfactory 
in an experimental installation over a three-year period of operation. 


ConTROL IN A TEST INSTALLATION 


Three rooms with a south exposure and one adjacent room in the interior, 
on the 32nd floor of a New York office building, were equipped with a test 
installation of panel cooling. The air supply to the south rooms was 0.5 cfm 
per square foot and to the interior room was 0.4 cfm. These air supplies were 
maintained at 60 F summer and winter, with a dew point at a maximum of 50 F. 
The conditioned space was completely surrounded by unconditioned space and 
a larger percent of the ceiling was in the form of panels than would be required 
in a completely conditioned building. Control of the panels was as follows: 


The panels beneath the window sill were controlled by a thermocouple on the inside 
of the windowpane shielded from the direct rays of the sun by a metallic disc on 
the outside of the glass. This thermocouple regulated the supply water temperature 
for the panels below the windows. Since the major loss or gain of heat by transmis- 
sion is through the glass, this device, to a large degree, integrated the effect of wind 
velocity, outside temperature, and, to some extent, the effect of the venetian blind. 
Thus, if the glass is at a temperature of 75 F, there is no need for either heating or 
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cooling of the sill panel and this condition could prevail even on a cold winter day, 
if there is enough energy from the sun. The area of such panels is limited so that 
generally they cannot provide for the full solar effect. 

The temperature of the water to the ceiling panels directly adjacent to the windows 
was controlled by the intensity of the sunlight as measured by a photo-electric device 
located outdoors. As the solar intensity increased, the water temperature was lowered. 
Photo-electric control, plus shielded outside dry bulb control, has proved satisfactory 
over a period of years for the primary control of air temperature to low pressure 
window units in a very large structure. 

There was question as to whether the photo-electric device or an instrument similar 
to a pyroheliometer should be used. Tests with a heat meter and a light meter indi- 
cated that there was a straight-line correlation between total and visible radiation, 
with the exception of a few isolated deviations which were so few in number that 
the complications of maintenance of a pyroheliometer were considered unnecessary. 
The advantage of the photo-electric meter is that it is rugged, sensitive, commercially 
developed as a control means and, further, that dirt has little effect on its operation 
as it must be initially shielded with thick colored glass. 

It will be noted that these controls respond to the outside conditions before they 
have had a chance to produce a measurable effect on the air temperature within the 
building. 

The interior zone in the test installation was intended to be controlled by a time 
clock providing predetermined temperatures in accordance with a schedule. It was 
found, however, that one temperature of water was sufficient year-round. This instal- 
lation differs from a fully air conditioned building in that the four rooms under test 
were surrounded by unconditioned space. Some elaboration of interior zone control 
is anticipated in a fully air conditioned building. The suggestion of a time clock to 
set a predetermined schedule of water temperature should be satisfactory, or it would 
be possible to control the temperature of the water to the interior zone panels from 
the changing electric power demand of that zone. In this way, the cooling effect 
would be applied as soon as there was load and would therefore anticipate and inte- 
grate the cooling requirements. 

This control system recognizes that with a zone system there is little that can be 
done in sensing minor variations in load as between areas in the same zone and that 
the primary response of the system would, therefore, be better obtained by directly 
sensing the major load and making an allowance for the minor energy gains. The 
controls are applicable to zoned panel or air systems. 

With conventional controls, it is customary to locate a thermostat either in an area 
considered to be average or in a return air duct. There are difficulties encountered 
with either of these procedures, though the method is useful. Instruments responsive 
to maintained air temperature all have the disadvantage of failing to call for a change 
until the room air temperature has been affected. 


CoMFORT 


The comfort results of a panel cooling system are comparable to the results 
which would be obtained with a good conventional zone system with relatively 
small difference between cooling air and maintained room air temperature and 
with air distribution as by-a perforated ceiling. 

In the test installation, there was no significant increase in the optimum room 
temperature in summer. The rooms were held at approximately 75 to 76 F. 
In winter, the people who lived with this test installation reported an apparent 
increased tolerance for lower temperatures than would normally be expected 
and this was partially substantiated by the fact that there was no comment when 
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the temperature was deliberately varied from 75 to 70 F without the knowledge 
of the occupants. If the observation is correct, it may in part be explained by 
the following: 

Temperatures are constant from the floor surface to within about 6 in. of the 
ceiling where a drop in temperature is noted. There is no noticeable air motion or 
draft, even at the floor. The sill panel provides symmetry of radiation. This reported 
result is the more unusual because the interior surfaces tend to be at a lower tempera- 
ture than they would be with a conventional air system. 

These opinions and observations are presented as a subject for further study. They 
cannot be considered as a definite conclusion drawn from a properly controlled test. 


LIMITATIONS 


There does not appear to be any problem in operating a panel cooling system 
with the lowest panel coolant temperature well above the desirable dew point 
for offices and similar structures but careful consideration must be given to 
applications in which it is possible for the dew point to rise above approximately 
63 deg for a long enough period to produce condensation. Other than this 
problem of condensation, the limitations of a panel cooling system are those 
inherent in any system where there is a limited supply of ventilation air and 
the sensible cooling is accomplished by multiple cooling units each serving a 
small area. In a liberally designed conventional air system, from two to four 
times as much air is circulated as with most split systems. Although the absolute 
quantity of outdoor air is no greater in a conventional system, the total supply 
to any one office, including recirculated air from other areas, can be considered 
as substantially smoke-free when compared with the air in a room in which 
people are smoking, so that the control of concentrated sources of odor is not 
so good as it would be for a comparable conventional system. 

The other limitation of split systems in general lies in the fact that refriger- 
ation, rather than outdoor air, is required for more hours than would be needed 
for a liberally designed all air system. This effect may, in part, be offset by the 
relatively small power requirements of the panel system. In cool weather, with 
panel design, the incoming outdoor air can be caused to cool water which is to 
be circulated in the panels and, since the total air circulated may be greater than 
the minimum outdoor air requirements for peak summer weather, some exten- 
sion to the hours of cooling without refrigeration may be obtained. 

In applying conditioning to large buildings, there are frequently special areas 
which can be best served with a conventional system and, if there is a series 
water circuit, the outdoor air passing through these conditioners can also be 
caused to cool the panel water. Evaporative cooling may be used to cool the 
water which is circulated to the panels. In a panel system, the problem is 
generally easier than with coil systems since the panels will seldom require 
water below 65 F. With the panels, there is the further possibility of operating 
two levels of refrigeration, one for panel cooling and the other for dehumidifi- 
cation. 


CoNCLUSION 


The author has attempted to present the theory of panel and conventional air 
cooling systems and to indicate possible courses of panel cooling design. 
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In comparing air conditioning methods, it is essential that the methods under 
comparison shall not produce an end result which will unduly compromise with 
the production of optimum conditions. 

Assuming that the air conditioning methods to be compared are capable of 
attaining the same end result, the selection of a particular form of air condition- 
ing is a matter of economics. The air conditioning design should be related 
to all elements of building construction and use, and the economics be deter- 
mined not solely on the owning and operating cost of the air conditioning but 
on the owning and operating cost of the entire building. 
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APPENDIX A 


CooLInc PANEL PERFORMANCE WITH Loap To LUMINAIRES 


Part Ceiling—Steady State 


The test cubicle previously described * was modified by the addition of a suspended 
ceiling 9 in. below the continuous cooling panels, as shown in Fig. A-1. The supply 
air grille was lowered to maintain 12 in. from the top of the grille to the under side 
of the suspended ceiling. Standard perforated steel pans with acoustic pads covered 
71 percent of the ceiling, and 29 percent was in the form of aluminum panels of the 
same construction as those used in previous tests. These panels were 6 ft 8 in. long, 
2 ft wide, and were separated by 2 ft of the perforated steel ceiling pans. A 1 in. 
layer of insulation board was placed on the under side of the original continuous 
ceiling cooling panels. During this series of tests the original ceiling panel was main- 
tained at the same temperature as the surface of the insulated floor and, since the 1 
in. of insulation board has approximately the same thermal resistance as 10 in. of 
cinder concrete, this procedure approximated the steady state condition in the interior 
zone of a multistory building with 10 in. cinder concrete slab construction. 
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LUMINAIRES 


As in previous experiments, two types of ceiling paint were used, a commerical 
flat white paint containing zinc oxide and a special paint containing a small amount 
of copper phosphate.5 Test data are presented in Table A-1. 

The unit area performance of a cooling panel which comprises only a portion of a 
suspended ceiling is usually greater than the unit area performance of a panel in a 
continuously cooled ceiling, due in part to the effectiveness of the top of the panel 
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as a useful heat sink and, to some extent, to conduction from the adjacent metal 
acoustic pans. 

There are combinations of air supply, type of luminaire, and ceiling paint which 
will cause a continuous ceiling to be more effective per unit area than a partially 
paneled ceiling. 

The tables include a column for the fictitious value of surface conduction h. This 
factor is presented as a convenience only. As previously pointed out 1 it is not correct 


A-2—SumMMary, Part CEILING—UNSTEADY STATE 
(Air Supply Where Used, 37.4 cfm—Floor Area, 92 sq ft) 


PANEL 
Paint TRANSFERD-¢ 
Test AIR Usep PANEL 
No. Lamp ARRANGEMENT ON Tempce 
F PANELS* of F 
m 
(Hr) Load 
1 200 w Up — 300 w Down..... 60.0 #2 29.2 45.5 69.0 
2 300 w Up — 500 w Down..... 60.0 #2 40.5 39.4 70.5 
3 100 w Up — 200 w Down..... 60.5 2 21.6 56.5 69.0 
4 200 w Up — 300 w Down..... 70.0 #2 35.0 54.5 69.5 
Ar Temp—S’ Leve.4 AIR Srruc- % Srorace Apparentf 
FLoor Temp TURE or Lamp Loap 
Test Surrace 41N. Temp At Enp oF For 
No. Tempc.e ABOVE ABOVE Bru/ 
Initial | 3rd Hr | Sth Hr F PANEL PANEL (Sq Fr) 
CENTER® CENTER? 3rd Hr 5th Hr (Hr) 
F F (F Dea) 
1 78.0 | 77.8 | 78.0 79.5 74.5 74.3 15.0 14.9 3.25 
2 78.0 | 81.9 | 82.4 82.7 75.4 75.1 18.1 19.1 3.40 
3 78.0 | 76.2 | 76.2 77.8 73.8 73.5 2.8 5.0 3.00 
4 78.0 | 80.0 | 80.5 80.6 74.8 72.6 21.3 27.9 3.18 
42, Special copper phosphate heat absorbing paint. dAspirated couple. 
bMeasured by water flow and temperature rise. eFifth hour value. 
eBy surface couples. fFor conditions of test only. 


to present these results in the form of overall surface coefficients to cover both radi- 
ation and convection since they cannot be multiplied by a temperature difference as, 
for example, panel to room air, to predict results under any other conditions than those 
of this particular test. 

The column on Independent Radiant Transfer shown in the previous experiments 
is omitted here as tests were not conducted for the separate measurement of this 
quantity. 


Part Ceiling — Unsteady State 


Tests were performed to check the effect of thermal storage with a panel cooling 
system for the load due to luminaries. In the test cubicle with a part panel ceiling, the 
1 in. insulation board covering the floor panel was removed and 10 in. cinder concrete 
slab was poured directly on the panel (lower left corner Fig. A-1) in the following 
mixes : 


5-% in. of 1:2:5 
3-% in. of 1:3:6 
1 in. of 1:2 
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\%4-in. thick dark red asphalt tile was placed on top of the concrete. Thermocouples 
were inserted in the concrete slab. The original hung lighting fixtures were replaced 
by two prismatic glass reflectors; one to direct light to the ceiling panel, the other to 
the floor. This arrangement was used to minimize the absorption effect of radiant 
energy by the insulated and reflective walls. 

The water temperature to the floor panel beneath the concrete was maintained 
constant at its initial value before the start of the test. The full panel ceiling water 
temperature was regulated throughout the test according to the surface temperature 
of the floor. The part panel temperature was set at an initial depression below the 
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room air temperature and maintained constant throughout the test. The air supply to 
the room was 0.4 cfm/sq ft and maintained at a constant temperature. 

A lighting load of 500 watts was selected as the standard loading (5.4 watts per 
square foot) and, with the required panel depression to maintain the room air constant 
at its initial value with this loading, additional tests were conducted with the room 
160 percent (800 watts) and 60 percent (300 watts) loaded. The effect of using a 
higher supply air temperature with the normal loading was checked by one test. All 
tests were conducted with heat-absorbing paint on the ceiling. Tests are summarized 
in Table A-2. Figs. A-2 and A-3 show the variation of structure and air temperatures 
with time for the normally loaded room. 

In Test No. 1 for the normally loaded room, the panel temperature was initially 
established and continuously held at a value which would produce a 78 F room air 
temperature at the end of five hours. For Tests Nos. 2 and 3 this same panel tempera- 
ture was maintained in order to check the deviations of room air and structure with 
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. Floor area — 6.25 sq ft. 


Sill panel 


values of lines [(1 


¢ Positive values — increased storage. 


4 Values of line 21 


Ceiling panel area — 2.930 sq ft. 
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time under different conditions of load. This variation in temperature of 6.2 F com- 
pares with the approximately 4.3 F deg variation for a continuously cooled ceiling, 
as shown in Fig. B-7. 

In the overloaded room, with a panel ceiling, the rise in structure temperature is 
less than for a conventional air system. Floor, ceiling, and mean radiant temperatures 
are lowered. 

Test No. 4 is for the same conditions as Test No. 1 but with the air introduced at 
70 F instead of 60 F. 


CooLInG PANEL PERFORMANCE WITH Loap DUE TO SOLAR RADIATION 


Part Ceiling 


The original experiments? are here extended to include data on a suspended 
ceiling consisting, in part, of panels. Data were obtained for additional types of 
shading device and angles of incidence other than 35 deg. 

The solar model previously described was modified by the addition of a suspended 
ceiling of which 40 percent was in the form of aluminum panels and 60 percent of 
steel perforated plate with acoustic pads above, as shown in Fig. A-4. The panels 
were 20 in. long by 9 in. wide and separated by 6 in. of perforated steel ceiling. The 
original continuous panel ceiling was raised 9 in. and covered with 1 in. of insulating 
board on the under side to represent the thermal resistance of a concrete slab of the 
floor above in a multi-story building. The openings created by the raising of this 
panel were sealed with insulating board to conform with the original walls of the 
model. The water piping arrangement remained as previously described. Additional 
piping was installed for the new ceiling. For these tests the continuous ceiling panel 
temperature was adjusted to be the same as the surface temperature of the floor in 
order to simulate the steady state condition. Other than for this point, the procedure 
was the same as in the original test with a continuous ceiling 3. 

The test data are presented in Table A-3. The performance per unit area, where 
the panel represents 40 percent of the ceiling, is better than the performance for the 
continuously cooled ceiling, as previously presented’. Lines 27 and 28 have been 
included for convenient comparison. Line 20, heat storage within the floor, is small 
with the exception of the one test with a half-drawn blind, in which case the radiant 
energy from the artificial sun was permitted to strike the floor. 

Columns B, C and E indicate that the scheme of placing a venetian blind or white 
shade between two sash is approximately equivalent to using heat absorbing glass 
outside, clear glass inside, plus a white venetian blind. Both methods effect a signifi- 
cant decrease in the solar heat load. 


APPENDIX B 


Space Cootinc SysteEMS ANALYZED WiTH A HyprauLic ANALOGUE 


In a previous paper? the difference between the real behavior of a conventional 
air cooling system and the design concept is indicated by means of a hydraulic analogue. 
These studies have been continued with the analogue modified as required. 

Fig. B-1 indicates the performance of a conventional air cooling system for the 
interior zone of a multi-story building, with eleven hours of operation of the system 
and nine hours full load due to the lighting system. The illumination in this case has 
been assumed as by direct filament lamps and a load equivalent of 2.7 watts per 
square foot. At the end of the third day the actual cooling requirements are approx- 
imately 83 percent of that calculated for the removal of the internal sensible load. 

Fig. B-2 approximates the performance of a conventional system, with 3.8 watts 
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Fic. B-1. PERFORMANCE OF AN AIR COOLING SYSTEM WITH 
Direct LIGHTING BY FILAMENT LAMPS 


per square foot, assuming a luminaire having a lesser radiant component than a 
filament lamp, or a rough approximation of a load consisting of filament lamps and 
people. In this experiment the room air has been assumed to be permitted to vary 
from 73.6 F to 76.8 F. The actual sensible cooling requirements in the afternoon are 
indicated as less than in the morning and this is a fair indication of the performance 
of a system which is under capacity as to means of sensible heat removal. 
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In order to establish some boundaries to the problem of the need for individual 
control for differently loaded rooms on the same zone of a conventional system, the 
problem was set up on the Analogue as follows: 

In Fig. B-3 the supply air temperature to maintain constant room temperature was 
determined for a three-day period. At the end of the third day, the required air 
temperature was approximately 49 F to maintain 75 F, and this difference of 26 deg 
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COMPARISON OF 54% 100% AND 142% LOAD — 100% LOAD = 14.9 BTU/SQ.FT.-HR. —— 50% RADIANT -— 1O%IRT—AIR SUPPLIED 
IN QUANTITY & TEMP. TO MAINTAIN 100% LOADED ROOM AT 75°— T.D. DESIGNATION IS FOR END OF 3®° DAY 100% LOADING 


Fic. B-5. Arr CooLtinc SysteMs—RESULTs OF TESTS OF REQUIRED Room AIR 

TEMPERATURE AT THE END oF Day WHEN Supply AIR 1S INTRODUCED TO 

MAINTAIN THE 100 Percent Loapep Room Arr TEMPERATURE AT 75 F DurRING 
Eacu Day 


was assumed as establishing the design temperature difference between room air and 
air introduced for cooling. As shown in Fig. B-1, the full cooling effect of design air 
is not required at the end of the third day so that this temperature depression of 
supply air would correspond to a slightly greater depression in conventional design. 
The air temperature schedule diagrammed in Fig. B-3 was then applied on the 
Analogue to a room which had 142 percent of full load and to a room having 54 
percent of full load. The temperature results of structure and air are diagrammed 
in Fig. B-4. 

For the result in Fig. B-4 it was assumed that the space directly above and directly 
below were subject to the same overload and the same underload as the area stated. 
The experiment on the Analogue was repeated but modified in the assumption that 
the rooms directly above and directly below were maintained at normal load. This 
condition was simulated by maintaining a known schedule of mid-point temperatures, 
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floor and ceiling slab, as previously determined as an average for a run with a 
normally loaded room and a run for an overloaded or underloaded room. This is not 
an absolute parallel but the assumption is within the accuracy of the experiment. 

The results of the two series of experiments are shown in Fig. B-5, for two 
depressions of air supply below room temperature as measured at the end of the third 
day. 

Comparison of Columns 1 and 3, 4 and 5, shows the importance of transmission 
through the floor and ceiling slabs. Transmission through partition walls would be 
expected to have a similar effect. 

The Analogue was modified to simulate a continuous suspended panel ceiling. Briefly, 
this is accomplished as follows: 

The Independent Radiant Transfer is independent of the panel temperature. The 
effect of the Independent Radiant Transfer could, therefore, be simulated by not 
introducing into the system the quantity of fluid corresponding to this energy. A single 
tube, corresponding to the thermal capacity of an aluminum ceiling with coolant tubes, 
was used to simulate the panel. This tube was then connected to suitable conductors 
representing radiation to the floor and ceiling above and other conductors representing 
convection to the air below and above the panel. The temperature of the panel was 
simulated by a valve connection which controlled the height of liquid in the tube to 
simulate the panel temperature. 

The Analogue was operated to establish the required panel temperature for the 
normally loaded room, with a selected air supply of 0.4 cfm at room temperature, as 
shown in the middle diagram of Fig. B-6. This schedule of panel temperatures was 
then applied to the overloaded and underloaded room, as shown in the upper and lower 
diagrams respectively. The experiment was repeated with the modification that the 
ventilating air was assumed as introduced 18 deg below the temperature of the normal- 
ly loaded room, with the results as shown in Fig. B-7. Where the full ceiling is used 
in this latter case, the required panel depression below room air temperature is less 
than 2 deg. 


DISCUSSION 


F. W. Hutcuinson, Berkeley, Calif.: In my opinion, the idea behind this paper 
is the greatest in applied radiation for the last 10 years. 


Epwarp Simons, San Francisco, Calif.: It has been my pleasure to follow Mr. 
Leopold’s development since 1947. Those wishing to study the subject will want to 
follow the papers mentioned in the Bibliography. 

Since 1947, Mr. Leopold has gone into a very thorough study of conductance, with 
respect to both convection, radiation and conduction. He separated them into wall, 
ceiling and panel surfaces, as he had to establish values for each. Subsequently, he 
adopted the term IRT, which was the independent radiant transfer to the ceiling panel, 
exclusive of that which was absorbed by other parts of the room. It was an important 
breakdown. He also began to develop the conductances to these surfaces, later applied 
to his analogue. 

I would suggest, however, that the Appendix be extended to include the diagram of 
the analogue, and also that the tube representing the panel and its temperature and 
the conductances into the ceiling be shown. This will be useful information for those 
who want to follow the explanation. This is another important paper on the subject; 
and Figs. B-3, B-4 and B-7 are valuable in showing comparisons in a room supplied 
with convection cooling as compared to a room supplied with air at a fixed tempera- 
ture and quantity, and using fixed panel temperature. 

If we may take a certain level of mean radiant temperature vs. ambient temperature 
as a measure of comfort, setting that as a comfort equation, and then assume the 
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average surface temperature as being equivalent to the mean radiant for our particular 
discussion, we will arrive at these findings: In Fig. B-7, for cooling panel (a normally 
loaded room) the average temperature of the ceiling and floor, plus that of the air, 
equals about 150 deg. In the normally loaded room, Fig. B-3, under the conduction 
and convection cooling (the normal type), it is found that the average temperature of 
the air is 75 F, but this rises to about 79% as the average temperature of ceiling and 
floor rises. This is a departure from that basis of the set figure of 4% deg. If we take 
the overloaded rooms with the panels, Fig. B-7, it is found that this type of departure, 
with fixed air supply and fixed panel, is only about 3.1 F, a lesser departure than for 
the normal type of room. The underloaded panel room has only a depression below 
that of normal of about 3.1 F. However, on the overloaded room with air cooling only, 
the result is a departure of 16 deg in the plus direction, and nine in the minus direction 
on the underloaded room. 

Therefore, with this type of a system, and with our analysis as the basis of this 
analogue and thinking, it is seen that a definite approach is being made to a steady 
energy device with which we can begin to apply general energy equations regarding 
what enters and what emerges. 


G. Lorne Wiccs, Montreal, Que., Canada: I would like to congratulate Mr. Leopold 
on his excellent paper. It should be thought-provoking for many of our members. 

The author has referred to this system as a panel and air cooling system. This is 
probably better than simply a radiant cooling system. On the other hand, if the term 
radiant heating system can be applied to a system heating predominantly by radiation, 
then, probably, the expression radiant cooling system is a satisfactory name for this 
type of cooling. In England, such a system would be referred to as a panel warming 
and cooling system, with moderate air conditioning. 

I would like to point out that panel cooling is not new, as you might think. It was 
conceived and developed by Richard Crittall & Co., Ltd., England. Apart from the 
experimental installations they made, it was first installed by them in the Imperial 
Chemical House, London, in 1935. That system has, | think, about 900 tons of refrig- 
eration to cool the water and air, giving you an idea of the size of the system. It 
has also been installed in many other buildings in Europe, but it has not been used 
here on this continent, except for the installation mentioned by Mr. Leopold. 

As far as I can determine, there is no real scientific basis for the designs that were 
made in England and Europe. Consequently, this paper is probably the first publication 
that would permit design with a little more confidence than is possible with the rules 
of thumb used in Europe. 

To give you some idea of this, the Manufacturers Life Bldg. installation will contain 
about 240,000 sq ft of floor area. It is located in a climate with a maximum tempera- 
ture reaching almost as high as that of Philadelphia, but whose duration of high 
summer temperature is not nearly as long. Winter temperatures there, on occasions, 
drop to about 25 deg below zero. As a result, air conditioning systems must be 
capable of operating satisfactorily over a wide range in climatic conditions. 

In the Manufacturers Life Bldg., on a typical floor, about 12 percent of the ceiling 
area is taken by the peripheral panels; 1 percent of the ceiling is occupied by the 
diffuser ; about 22 percent by the luminaires; and the remaining 65 percent consists 
of perforated steel acoustic panels which, with the high noise reduction coefficient of 
those panels, will give a satisfactory acoustic treatment. 

In the Canadian installation, Canadian-made extrusions are used. These differ in 
some details from those described by the author of this paper. They are actually 
0.080 in. thick. Admittedly, this requires more aluminum, but the difficulty of extrud- 
ing them is less, so that the manufacturers are delivering at a somewhat lower price 
than that at which they would have provided the thinner panels. 

In Norway they have been developing and using perforated aluminum panels of 
sheet aluminum rather than extrusions. The entire ceiling is covered with aluminum 
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panels fastened to pipes through heat-conducting clips. Warm water is circulated 
through the pipes in winter, and chilled water in the summer. Thus, heating or cooling 
is obtained as required. The pipes themselves serve as supports for the panels. It is 
probably true that this system may be less expensive than the extruded panel type 
in many cases. 

In closing, I would just like to say that this system shows great potential, partic- 
ularly in such areas as operating rooms, where drafts are sometimes serious. In 
addition, with television cameras being used in operating rooms for instruction purposes, 
methods for removing heat, without increasing air quantities, can be tremendously 
important. The system also can be used to great advantage in textile mills and 
other places where there are large concentrated loads, as well as considerable noise. 


A. T. Jorn, Libertyville, Ill.: This is a fine paper in that it has covered the radiant 
panel for cooling in regard to its limitations, its attributes, its physical constructions, 
its integration with other functional units, and its probable relationship to convention- 
al air conditioning. Industry, and in particular research men, appreciate consulting 
engineers who are enthusiastic about new tools for providing human comfort, and who 
investigate for themselves the best means for applying research developments and 
inventions. Such enthusiasm expedites the moving of new concepts from the laboratory 
and field-trial stage into widespread public use. 

This is also one of the first technical papers to call wide attention to the new radiant 
metal panels and to present some of the research work which has been quietly carried 
out with them in various points about the country. This paper gives such a broad 
perspective to anyone interested in the application of metal radiant panels for cooling, 
that I would like to add some information on work done in my particular research 
and development group. 


Mr. Leopold has pointed out several ways of applying cooling panels: (1) as panels, 
essentially at room temperature, grouped around windows to absorb solar radiation; 
(2) as panels (or luminaires), essentially at room temperature, strategically placed 
about the ceiling area to absorb the heat emitted by the illumination units; and (3) as 
panels, essentially below room temperature, installed to cover the entire ceiling area 
for removing all or any apportioned part of the sensible heat caused by solar radiation, 
artificial illumination, electrical equipment, and human occupancy. 

The third application of the panels was not discussed at length by the author. Its 
limitations were due to (1) relatively high cost of cooling panels; (2) mutually 
eliminating characteristics of acoustic panels and radiant panels; (3) problems 
involving symmetry of appearances of the completed ceiling; and (4) possible conden- 
sation problems if panel temperatures were lowered sufficiently to be useful in 
absorbing heat other than high temperature radiation. 

It is upon this third method of using cooling panels and the associated problems 
that | should like to comment: 


1, Most types of metal radiant panels as mentioned in the paper tend to be expensive, 
since the coolant carrying coil is attached to the radiating surface in an expensive 
manner, either by brazing or by expansion into a pre-formed groove. The metal sur- 
face is composed of relatively thick material according to the manufacturing processes ; 
the coil must be of expensive material also due to manufacturing processes; and 
installation of the finished panel is a relatively slow and awkward process. 

The cost consideration can be reduced appreciably by a design in which the radiating 
surface can be rapidly attached to the coil after installation by means of integral 
clamps which make a good and uniform thermal contact. The panel is made of a 
minimum thickness of material consistent with structural strength (about 15 to %4 
that required in some metal radiant panels). The panel material is that which i is most 
economical for the required thermal capacity. Steel and copper as well as aluminum 
of maximum thermal conductivity, have economic application. The coil may be of 
any standard coil material. 
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2. Conflict between radiant and acoustical panels can be eliminated by perforating 
the panels, as pointed out in the paper. The design just mentioned would not interfere 
with the all-over, approximately 10 percent open, perforation pattern generally used 
on acoustic ceilings. The only purpose of the perforations in metal pan acoustic 
ceilings is to allow free flow of the sound waves out of the room and into contact 
with an absorber. In the suggested design, a single sound absorbing and insulating 
blanket was used above the coil to obtain thermal insulation, acoustic absorption, 
and vapor resistance. Such economy of material should lessen the acoustic and radiant 
panel price difference. 


3. A cooled luminaire has been developed to be used with this suggested design. A 
single’ modular-patterned unit combines the functions of acoustics and radiation, and 
air conditioning outlets are available having the same surface pattern. 


4. As Mr. Leopold has shown in Appendix B, it is theoretically possible, according 
to this Hydraulic Analogue, to depress the temperature of a radiant panel covering 
practically the entire ceiling area, and, without going too close to the dewpoint, to 
absorb not only radiation from high temperature sources such as the sun and the 
lights, but also heat from room surfaces, furnishings, occupants, and air. We knew 
this to be not only theoretically, but also practically, possible because it has actually 
been accomplished in our drafting room and in the office of our company’s president. 


I believe there is a basic advantage in covering the entire ceiling area with cooled 
panels and luminaires. My belief is based upon the sense of comfort which can be felt 
when cooling panels are employed in this manner. Walking from an adjoining room 
of identical construction and exposure into the drafting room, previously mentioned, 
often led to the sensation of a 10 to 15 deg cooler temperature, even though the draft- 
ing room had no cooling facilities other than the radiant ceiling, and even though the 
air temperature in the two rooms was identical. 

The only explanations I can give you of this phenomenon are: (1) the furnishings, 
walls, and floor of the room were, due to the effect of the ceiling, cooler to the touch 
than those in the adjoining room, so one’s boc» ~ould tend to lose heat to them more 
readily; (2) in a normal room in the summer, © r warmed by lights, sun, people, etc., 
rises to the ceiling and warms that surface to temperatures approaching those at which 
we normally design and operate radiant heating panels for our winter comfort. Per- 
haps, then, the most notable service performed in covering the entire ceiling surface 
with a cooling panel is that of eliminating this normal summer condition of radiant 
heat emission from the ceiling. 

To fully comprehend the possible implications of the latter concept, it must be kept 
in mind that the heat in warm air which has risen to the ceiling is essentially removed 
from our comfort consideration if it cannot warm a surface. This is true because it 
is impossible for air to radiate energy; only a solid object warmed by the air can 
radiate the heat energy to the living zone where it will affect comfort. 

If this concept is true, it would explain why it is so desirable to employ a panel 
covering the entire ceiling surface rather than to use small dispersed panel areas. If 
the panel covers the entire ceiling, no surface is heated by the rising warm air cur- 
rents. (Upper walls are apparently kept sufficiently cool by direct radiation to the 
cooled ceiling surface). 

I mention this unproved explanation only because the data on the actual heat re- 
moved by these room-size ceiling panels affords no explanation of the relative sense 
of comfort felt upon entering the rooms. 

Incidentally, during the winter, drafting room occupants were unaware of room 
air temperature depression, by ventilation, to as low as 63 F. 

I should like to ask Mr. Leopold what Btu-per-sq ft heating capacities he has 
observed in either his commercial metal panel installations or in tests. I should be 
interested also in the percentage of increased cooling panel performance produced by 
the special copper phosphate heat absorbing paint he mentioned, though perhaps this 
information is to be found in the data section of the paper. 
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R, A. Gonzatez, Dayton, Ohio: Thanks to Mr. Leopold for a very fine paper. It 
is interesting to read some of Mr. Leopold’s comments about %4 of a cfm per sq ft and 
440 of a cfm per sq ft. Perhaps we have not investigated nearly as much as we might 
the matter of the air motion and the variants in tolerance or desirability of this air 
motion. 

It is fairly well established that in the South, the Southwest and in Western areas 
we desire or require, in order to satisfy the average person, a greater air motion 
than is tolerated in the Eastern areas of the country. The designer often-times finds 
himself without enough basic coil air requirement to satisfy the local idea of air 
motion required. This is sometimes true of exterior zones and almost invariably the 
case on interior zones. Even the increased lighting load of late years has not changed 
this situation. That is an additional phase or factor of air conditioning that can be 
investigated. 

Certainly, Mr. Leopold’s approach has given us a very valuable tool to use in many 
cases where we cannot further reduce the load by improved installation or by reducing 
the wattage. 

It should prove a valuable tool for use in designing systems for individual persons 
who are hyper-sensitive to air motion. The full advantages of air conditioning can 
be provided for these cases with the minimum of air motion. 


AutHor’s CLosure: I deeply appreciate Professor Hutchinson’s comment. In late 
1945 or early 1946, when I first realized that a large portion of the energy of a 
luminaire would be absorbed by the structure and could be dissipated even by a panel 
maintained at, or above, room temperature, I telephoned Professor Hutchinson to 
try to arrange for a laboratory check. It was not possible to change his laboratory 
schedule, but he kindly agreed to run an over-night test in the research residence on 
the Purdue campus. Professor Hutchinson phoned the results the next morning and, 
fortunately, the tests confirmed the theoretical conclusions. 

I appreciate the comment by Mr. Simons, vice-president of The American Society 
of Refrigerating Engineers, and the fact that he has travelled 3000 miles to discuss 
this paper. 

I agree with Mr. Simons on the desirability of including the various analogue set- 
ups for Appendix B and must plead length of paper and lack of space as the reason 
for its omission. 

In regard to the mean radiant temperature, I am in general agreement with Mr. 
Simons’ statement, with the following qualification. For simplicity, I have analyzed 
the unit area in an infinite interior zone. If walls or furniture had been present, the 
storage would have been approximately the same, but the increase in mean radiant 
temperature would have been considerably less. 

Mr. Wiggs has suggested that, since we call panel heating systems radiant heating 
systems, the term radiant cooling systems, rather than panel cooling systems, might 
be used. Since convection has such a large part both in heating and cooling, I think 
it is correct to refer to panel heating and cooling systems. The term radiant heating 
has been generally misunderstood by the public, since it was confused with heating by 
small radiant sources at high temperature, a system in which the convection effect is 
greatly minimized. F. W. Hutchinson has discussed this point in an article titled 
The Myth of the “Indoor Sun” (Heating, Piping & Air Conditioning, December 
1949, p. 74). 

The statement that extruded panels 0.08 in. thick have proved cheaper in Canada 
than the original 0.062 in. thick panels manufactured in the United States requires 
explanation. The panels in the United States are actually less costly than the Canadian 
panels, as the United States manufacturer had the know-how to extrude panels of the 
thinner material. 

The use of panels for special areas of high heat load should be carefully studied. 
They will be most effective where a large percentage of the internal heat load is in 
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the form of radiant energy and where the temperature of the panel can be depressed 
without approaching the maintained room dewpoint. 

Mr. Jorn quotes me as utilizing panels grouped around windows and on the ceiling 
at essentially room temperature. 1 have pointed out that the ceiling panels, in partic- 
ular, will remove a considerable amount of high temperature radiant energy if main- 
tained at, or even above room temperature. However, I did not state, and do not 
mean to imply, that these panels should be operated at room temperature. On the 
contrary, if the temperature of these panels is lowered, they remove additional energy 
in the form of low temperature radiation and by convection. In my paper, I have 
referred to temperatures substantially less than room level in describing the system 
and in all the tests. Mr. Jorn’s speculation as to why I worked at room temperature 
also does not conform with the statements in the paper. 

There are no mutually eliminating characteristics of acoustic panels and radiant 
panels. The radiant panels can be perforated for acoustic treatment if additional treat- 
ment were necessary without appreciable effect on their thermal properties. This was 
so stated. The discrete panel has been described in this paper because it was found 
unnecessary to treat a large part of the ceiling. This left the remaining portion of 
the ceiling construction to be selected according to the needs. 

Mr. Jorn’s ensuing discussion is largely concerned with the economics of cooling an 
entire ceiling with a thermal bond which is formed by forcing the ceiling material 
against the coolant pipes with a spring clip, as compared with the formal panel con- 
struction where there is a tight thermal bond. I have no brief for either method. 
This problem, I hope, will be solved eventually by competition. 

Mr. Jorn refers to radiant cooling. I hope that the term panel cooling remains 
because it is less misleading to the public. 

As Mr. Jorn implied, and as I have stated in my paper, I believe that there is a 
field for panel cooling without the introduction of air for dehumidification. I will 
caution, however, that such applications must be very carefully studied where con- 
densation would cause damage. 

I have noted the comment on the improved feeling of comfort in the panel cooled, 
as compared with the conventional room construction, and again, I recommend caution. 
In our tests in the cubicle described in the first paper of this series, there was a con- 
tinuously cooled ceiling and, as far as spot judgment is concerned, the lowering of the 
mean radiant temperature had a minor effect and about as much as would be antici- 
pated from previous work. The unusual observation, if correct, was the effect on 
winter comfort that 1 mentioned and which Mr. Jorn confirms. I do not know whether 
or not the comparison is valid because the ceiling panels in our installation were 
usually below room temperature and were never used for heating. 

My observation does not check Mr. Jorn’s speculation that there would be noticeable 
difference in thermal currents with a partly cooled ceiling, and that the continuously 
cooled ceiling, therefore, was preferable. Our tests indicated a markedly low air 
motion and an even temperature, floor to ceiling, to within a few inches of the panels. 
There were no noticeable comfort effects due to the relative position of the occupant’s 
head and the pattern of panels on the ceiling. 

Again, in the absence of carefully controlled tests, I should like to advise caution 
due to the difficulty of drawing any conclusions on comfort. 

The question Mr. Gonzalez raised caused me some concern when I first embarked 
on the design of an actual panel cooling system. There were good indications in our 
test cubicle that the lack of dir motion would not be noticeable, but there was still 
the problem of applying these to regular working quarters. I agree that there are 
an appreciable number of individuals in the southwest who require what is gener- 
ally considered to be excessive air motion. Consequently, in a building in Texas, air 
conditioned in 1938, I made provision in the outlet design which was to provide a draft 
for those who wanted it. Originally, a number of the office occupants used this feature. 
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Less than 10 percent of the offices are now adjusted for anything but the most draft- 
less operation. 

In the Time, Inc. installation, which has operated through three summers, provision 
was made to increase the air velocity at the outlets, if required, by selecting oversized 
outlets and blocking a portion of them. It was found, however, that even with the 
small quantity of air being introduced through an over-sized outlet, the sensation of 
freshness, liveness, or however you will describe it, was acceptable and might be 
classified as superior. 

In closing, I wish to thank all of the discussers for their considered opinions. 


No. 1410 


THE EFFICIENCY OF BITUMINOUS-COAL- 
BURNING SPACE HEATERS? 


By J. W. TreEMaAn*® anp F. L. Bacspy**, CoLtumsBus, OHIO 


 tehagertn methods for rating coal-burning heaters have often been proposed, 
but none has the advantages of using a so-called calorimeter room designed 
specifically for this purpose. The true rating of space heaters requires a direct 
measurement of the output, obtainable in such a room, inasmuch as the magni- 
tude of the unaccounted-for losses inherent to the burning of bituminous coal 
can only be determined by difference from a heat balance involving all known 
heat losses, the measured heat output, and the known heat input. The quantity 
of unaccounted-for heat required to complete the balance is, of course, the loss 
in unburned fuel escaping with the flue gases. 

As a part of the program to evaluate improved heaters burning bituminous 
coal, Bituminous Coal Research, Inc., jointly with a group of stove manufac- 
turers, authorized the construction of a test calorimeter room at Battelle 
Memorial Institute which is described later. 

The object of the work discussed in this paper was to obtain the relation be- 
tween heater efficiency and the rate of heat output, for the three general types 
of coal heaters currently being sold commercially; these are the conventional 
surface-fired type, the refractory-lined, (so-called magazine) deep-fire-pot type, 
and the crossfeed type smokeless stove. The scope of the work also included 
the determination of the added useful heat that is available within the house 
from the typical flue-pipe installation used between heater and chimney. Curves 
showing the overall house-heating efficiency that may be expected, when the 
heat gain from the flue pipe and from the chimney are taken into account, are 
presented for the heaters tested. 


GENERAL PROGRAM OF TESTS 


A total of four heaters, including two variations of the deep-fire-pot type, 
were tested in this program. The two deep-fire-pot heaters differed in the 
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design of the inner refractory lining and were chosen as being representative 
of the several types now being manufactured. 

The tests of these heaters and of the smokeless heater consisted of a series 
of burning cycles at different rates, but covering the normal range of operating 
rates of such units. The conventional surface-fired unit was tested at one rate 
only. Each test cycle for the first three heaters was run at a constant, pre- 
assigned flue-gas temperature which was varied from test to test. To maintain 
this temperature, the applied draft and air-inlet dampers were adjusted as 
often as necessary; furthermore, attention was given to the grates and to the 
fuel bed as often as required. The only limitation imposed was that of not 
exceeding a maximum stack draft of 0.06 in. of water during any test. 


\ 


Fic. 1. Cutaway VIEW oF CALORIMETER ROOM 


Tests conducted in this manner, while deviating from the accepted procedure 
for output rating tests, permitted operation of the heaters on a basis which 
insured reproducibility of results, since flue-gas temperature is the variable in 
heater tests that can be most readily controlled. 

Data presented for a conventional surface-fired heater in this paper were 
obtained from rating tests run several years prior to those conducted on the 
other three heaters. For that reason, the imposed limitations differed in that 
the flue-gas temperature was not held at a constant value, but, instead, was 
allowed to vary below a maximum of 900 F and there was no grate shaking or 
poking of the fuel bed; the same limitation was used on maximum draft. Per- 
formance curves plotted from the data obtained with this heater during four- 
hour tests were felt adequate for providing a reasonably accurate basis for 
comparison with the results of tests with the other heaters. 


CALORIMETER Room 


Fig. 1 is a cutaway view of the calorimeter room in which these tests were 
conducted. The room is not a calorimeter room in the sense of adiabatic 
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calorimeters, but was designed to permit determination of heat flow through 
the walls which were of light enough construction not to offer large heat 
capacity, thus minimizing fly-wheel effects with change in output. 

Sheets of 14-in. insulating board are attached to the simple stud and joist 
framework shown, which gives a floor area of 12 X 12 ft square and a ceiling 
height of 8 ft. Differential thermocouples are provided to indicate the average 
temperature difference between the inside and outside of the wall and ceiling 
boards. Two blowers are mounted on the roof to force air into and withdraw 
air from the room through suitable ducts. Dampers at the blower inlets are 
provided to maintain a room pressure very close to atmospheric. Each of the 
ducts has a constricted section into which is placed a pitot tube to measure 
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Fic. 2 (left). MaAGAzINE-TYPE HEATER WITH DEEP-FIRE-POT. Fic. 3 (cen- 

ter). DIAGRAMMATIC VIEW OF THE CROSSFEED TYPE SMOKELESS HEATER WITH 

BaFFLe. Fic. 4 (right). CONVENTIONAL SURFACE-FIRED HEATER WITH Two 
ALTERNATE ForMS OF SECONDARY AIR ADMISSION 


the rate of flow of air and a thermocouple grid to measure the temperature of 
the air. The floor is highly insulated and is not provided with thermocouples. 

The principal unknown in regard to the measurement of any heat liberated 
within the room was the value of the overall heat conductivity of the materials 
forming the walls and ceiling of the room. This was determined by calibration 
tests for which an electric heater was used to insure that the heat output would 
be equal to the equivalent electric input. From these preliminary tests, the 
overall heat conductivity was obtained by subtracting from the heat input the 
measured heat in the circulated room air, and dividing the remainder by the 
measured temperature difference across walls and ceiling. 

The room was provided with all the facilities for running burning tests of 
heaters from which heat losses in the flue gases and in the refuse could be 
directly determined. Knowledge of the heat input from the weight of coal 
burned and of the output as given by the room data thus made it possible to 
evaluate the unaccountable heat losses due to tar and soot in the flue gases. 


DESCRIPTION OF HEATERS TESTED 


Fig. 2 is a schematic diagram typical of magazine-type, deep-fire-pot heaters. 
These heaters consist of a cylindrical steel shell, lined with special refractory 
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shapes above the grate, and capped with a casting which usually also holds 
the firing door and the flue collar. Primary air passes through the grates, and 
gases may leave the fuel bed at various heights through side channels or ducts 
in the refractory or may leave at the top of the bed, the type of flow depending 
on the extent of caking in the fuel bed. Overfire air is admitted through slots 
in the firing door, or slightly below it, to promote secondary burning. 

The two deep-fire-pot heaters used in the tests, and designated in this paper 
as Heater “A” and Heater “B”, were selected on the basis of being both similar 
and yet different in the detail arrangement of the refractory linings; there was 
thus an opportunity to evaluate the influence of liner configuration on heater 
performance. There has been constantly the hope among designers of deep- 
fire-pot heaters that an improved design of liner would some day be developed 
that, through some novel change in the flow of air and gases in the heater, 
would insure dependable control of heater output and reasonably smokeless 
operation. 

Fig. 3 is a sketch of the crossfeed type smokeless heater which utilizes alloy 
cast iron, steel, and refractory in its construction. Crossfeed or primary air 
enters the fuel bed above the grates; magazine air is admitted at the top of the 
fuel charge to prevent the formation of large coke pieces and thus assure self- 
feeding when caking coals are burned. The products of devolatilization from 
the magazine and from the combustion flow downward and across before 
passing under a secondary-air arch; at this point, secondary air is admitted 
through a continuous slot for the full width of the fuel bed to complete com- 
bustion. In Fig. 3, a baffle is shown in the flue-gas passage, over the magazine 
roof, to bring the hot flue gases in contact with the maximum area of top heat- 
transfer surface before their exit to the flue pipe. 

Fig. 4 represents the conventional, surface-fired heater tested. Primary air 
is admitted through the grates and secondary air is admitted both through 
firing-door slots and through a down-blast pipe in the dome of the combustion 
unit. The heater is of cast-iron construction throughout. 


MetHop oF TESTING HEATERS 


Deep-Fire-Pot Heaters 


Following preliminary trials on the test stand, outside the room, to determine 
the time and weight of each firing to reproduce fuel-bed conditions, each of 
the two deep-fire-pot heaters was successively tested in the calorimeter room. 
In these tests, each heater was subjected to a preliminary cycle and to four test 
cycles; the limitations observed in the successive tests were (1) a maximum 
applied draft of 0.060 in. of water and (2) maintenance of flue-gas temperatures 
of 1300, 1100, 900, and 700 F, respectively, during the four consecutive test 
cycles. The upper and lower flue-gas temperatures used had been established as 
the practical limits obtainable under controllable conditions with these heaters 
during the preliminary trials on the test stand. 

The fuel capacity of Heaters “A” and “B”, measured from the grates to 
within one inch of the top of the refractory liners, was 98 and 93 Ib, respectively, 
of 3 X 2-in. coal. When 4 to 5 in. of residual bed thickness was allowed, the 
refueling capacities were 75 and 70 Ib., respectively. Coal from the Island Creek 
seam was used for all tests of Heaters “A” and “B”. 
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The duration of each test cycle was determined by the loss-in-weight method ; 
the test was ended when the loss in weight was equal to the weight of fuel fired, 
minus the weight of ash in the fuel. Thus, tests of Heater “A” were ended 
when the weight loss reached 71.5 lb. Tests of Heater “B” were ended when 
the weight loss reached 66.5 Ib. 

During the period of devolatilization following the firing, the primary-air 
damper was closed to one-eighth open, the overfire-air damper was opened fully 
and the applied draft was adjusted to maintain the imposed limitation on flue- 
gas temperature. As the flue-gas temperature started to drop, the primary-air 
damper was gradually opened wider until further opening had no effect on flue- 
gas temperature. Then, the applied draft was gradually increased toward the 
imposed limitation of 0.060 in. of water as required to maintain the flue-gas 
temperature limit. The grates were shaken and the bed was poked to restore 
any further drop in temperature. The overfire-air damper was closed at the 
end of the devolatilization period, that is, when smoke emission ceased. 

Readings for calorimeter-room data were taken every 20 min of (1) pitot- 
tube total pressures, (2) pitot-tube static pressures, and (3) air temperatures 
in the constricted ducts, and (4) of average voltage output of the differential 
thermocouples in the walls and ceiling. Readings were taken every half hour 
on weight loss and on applied stack draft. The barometric pressure and the wet 
and dry bulb temperatures were recorded every hour. Flue-gas samples were 
collected continuously over half-hour periods and then analyzed for CO,, O,, 
and CO. The smoke density, flue-gas temperature, and also the percentage of 
CO, in the flue gas were recorded on automatic instruments. 


Smokeless Heater 


Two series of tests were conducted on the smokeless heater in the calorimeter 
room. The first series was run with a baffle placed in the flue-gas passage. 
Following a preliminary cycle, the heater was subjected to three test cycles; the 
limitations observed were a maximum applied draft of 0.060 in. of water, 
and maintenance of flue-gas temperatures of 900, 775, and 650 F, respectively. 
The second series of tests was run immediately following, with the baffle re- 
moved, but under the same limitations as for the first series. 

As in the tests of the deep-fire-pot heaters, the duration of each test cycle 
was determined by the loss-in-weight method, and 3 X 2-in. Island Creek coal 
was used as the test fuel. Since the refueling charge of the smokeless heater 
was set at 50 Ib, each test cycle was ended at a weight loss of 47.5 Ib. 

The applied draft was varied between the maximum of 0.060 in. of water and 
a minimum of 0.020 in. of water to maintain the flue-gas-temperature limitation. 
Further reduction of the flue-gas temperature was obtained by closing the air- 
control dampers. The grates were shaken and the fuel bed was poked as often 
as was necessary to maintain the temperature prescribed. Readings taken were 
the same as those taken in the tests of the deep-fire-pot heaters described 
previously. 


Conventional Surface-Fired Heater 


The imposed limitations for each test of the surface-fired heater were that 
the flue-gas temperature would not exceed 900 F and that the applied stack 
draft would not exceed 0.060 in. of water. 
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Each of the tests consisted of at least three consecutive four-hour cycles. 
The alternate side-bank method of firing was used to minimize smoke emission. 
The heater was operated in such a manner as to prevent runaway operation 
after firing; the method used was that described previously for the deep-fire- 
pot heaters. 

Both Illinois No. 6 and Pittsburgh coals in the 2 X 114- and 2 X 144-in. 
size, respectively, were used as test fuels. The readings of test data taken 
were the same as those in the tests described previously. 
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Test RESULTS 


Efficiency and Unaccounted-For Losses 


Fig. 5 presents the results, in graphical form, of the efficiencies obtained 
during tests of the four heaters in the calorimeter room. Both the surface-fired 
heater and the smokeless heater showed an increase in efficiency as output 
increased. Contrasted to these results, the two deep-fire-pot heaters showed 
decreasing efficiencies with increased output. It is interesting to note that the 
efficiency curves for the two deep-fire-pot heaters are nearly identical over the 
full range of outputs tested. 

With respect to the smokeless heater, Fig. 5 shows that a higher efficiency 
of the order of 5 percent was obtained with the baffle in place as compared to 
the tests without the baffle. 

Fig. 6 shows the relation between heater output and average flue-gas temper- 
ature for the heaters tested. At the accepted limitation of 900 F on flue-gas 
temperature, outputs obtained for all heaters were within the range of 40,000 
to 50,000 Btu per hour. However, the outputs of the deep-fire-pot heaters were 
considerably higher when the upper limit on flue-gas temperature was increased 
beyond 900 F. 

Fig. 7 shows the unaccounted-for losses determined from the calorimeter- 
room data for all of the output tests run on the four heaters. The predominating 
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characteristic of the curves is the increase of the unaccounted-for loss to a 
maximum followed by a subsequent decrease as heater output increased. The 
unaccounted-for losses for the smokeless heater were consistently lower than 
for the surface-fired and deep-fire-pot heaters, and approached zero at the 
rating of the stove. In the range where outputs are equal, the unaccounted-for 
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losses for the surface-fired heater and for the two deep-fire-pot heaters are of 
the same general order. 

The initial increase and subsequent decrease of the unaccounted-for loss, 
typical for all heaters, is considered to be brought about somewhat as follows: 
As the rate of burning is increased with accompanying increase in temperature 
of the fuel bed, the rate of devolatilization of the fresh charge increases, and 
the fraction of the tars that is not burned increases; but, finally, with further 
increase in rate, the temperature and the degree of turbulence increase to the 
point that an increasing fraction of the tars are ignited and burned with decrease 
in unaccounted-for losses. 

Although the efficiencies of the two deep-fire-pot heaters are nearly equal at 
all outputs, the unaccounted-for losses were lower in the tests of Heater “B” 
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than for Heater “A” at the same output. The difference is believed to be the 
result of the increased burning of tars in Heater “B”, because of the high 
available flue-gas temperatures at the same output. The higher flue-gas temper- 
atures were probably the result, in turn, of the difference in refractory-liner 
configuration utilized by the two heaters, and, to a small extent, of the slightly 
smaller heat-transfer area of Heater “B”. That both heaters had about the 
same efficiency for equal outputs resulted from the fact that the lower unaccount- 
ed-for loss of Heater “B” was offset by a correspondingly higher dry flue-gas 
loss. 

Estimates made in the past of the unaccounted-for loss when burning high- 
volatile bituminous coal in space heaters have usually ranged from 15 to 20 
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percent of the total heat input. As shown by Fig. 7, these losses for overfeed- 
type heaters actually are somewhat less, even when at their maximum. In 
addition, the variation of the unaccounted-for loss at different burning rates for 
a given heater, and the extent of the differences between similar heaters, demon- 
strates clearly that the true-output rating of a heater can only be determined 
by the calorimeter-room method. 


Comparison of Heaters 


Table 1 presents a summary of the performance of each of the four heaters. 
These data were obtained from the performance curves previously discussed 
and compare the heat balances, burning rates, flue-gas temperatures, flue-gas 
compositions, and durations of test at an output of 40,000 Btu per hour for the 
four heaters. At this output, the flue-gas temperature, for all heaters, was 
below the 900 F temperature usually considered as a maximum not to be 
exceeded. 
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The table shows that the smokeless heater has an efficiency of 62.8 percent 
with a corresponding unaccounted-for loss of 3.0 percent; the efficiency of 
Heater “A” was 54.0 percent with a 16.6 percent unaccounted-for loss; the 
efficiency of Heater “B” was 54.0 percent with a 12.3 percent unaccounted-for 
loss ; and the efficiency of the surface-fired heater was 51.0 percent with an 11.8 


TasBLeE 1—CoMPparRIsON OF Heaters aT 40,000 Bru Per Hour Output 


HEATER SMOKELESS DEEP-FIRE-PoT HEATERS SURFACE- 
| BAFFLE FIRED 
| 

Sains _. | Island Creek | Island Creek | Island Creek | Pittsburgh 
Calorific value, 
Btu per Ib.......... | 14,180 14,190 14,190 13,970 
Average burning rate, 
4.50 5.22 §.22 5.63 
Duration, hr..... ee 11.4 14.1 13.3 4.0 
Average flue-gas 
temperature, F.......... 820 870 895 810 
Average flue-gas 
composition, percent 
8.6 9.8 9.1 7.4 
11.3 9.0 9.8 9.8 
Smoke emission, 
Ringelmann No., minutes* 
Above No. 1........... 0 390 400 21 
Above No. 2........... 0 250 176 18 
Above No. 3........... 0 200 75 16 
Above No. 4........... 0 65 20 12 
Heat balance, percent 
Losses: 
Dey Sue gas.............| 27.6 24.1 27.3 29.7 
0.0 0.0 0.0 0.0 
Unaccounted for........ 3.0 16.6 12.3 11.8 
Heat utilized | 
fo) | 62.8 54.0 54.0 51.0 
| 100.0 100.0 100.0 100.0 


a Data taken from actual records of test cycle of each heater approaching most nearly the 40,000 
Btu per hour nominal output. 


percent unaccounted-for loss. It may be noted that the surface-fired heater and 
the deep-fire-pot heaters are about equal in regard to efficiency and unaccount- 
ed-for loss, respectively. 

In addition to data on efficiency and unaccounted-for loss, the preliminary and 
room tests conducted during the course of this program provided an opportun- 
ity to compare all three types of heaters under similar operating conditions. 
The generally accepted merits and deficiencies of each type were well substan- 
tiated. 

Control of the deep-fire-pot units in the room tests was difficult and was 
accomplished only by frequently adjusting the primary-air damper and the stack 


} 
| 
ie 
i 
4 
{ 


98 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


draft. A positive pressure in the stack was needed, at times, to obtain low and 
medium rates of burning; since users will not tolerate gassing from the units 
under these conditions, the result is that a certain amount of overheating can 
be expected with these heaters. Attention to the fuel bed, either by shaking the 
grates or by poking the bed, was required three or four times during the 
latter portion of a cycle to maintain the desired rate of burning with caking 
coals. Table 1 shows that smoke emission was considerable. 

The deep-fire-pot-type heaters do, however, have their advantages. Their 
large fuel capacity permits an appreciable lengthening of the interval between 
firings, as compared with that obtainable from the surface-fired heater. Also, 
the higher thermal head generated within the fuel bed promotes rapid pickup 


Fic. 8. Test Setup or a TYPICAL 
COAL-FIRED HEATER INSTALLATION 


and substantial heat output under what might normally be adverse chimney 
conditions. 

The disadvantages of the surface-fired heater are essentially the same as those 
of the deep-fire-pot heaters, but on a smaller scale. Thus, there is only mild run- 
away operation, owing to the smaller weight of fuel fired, and thinner bed of 
fuel. Attention to the fuel bed is required only at the end of each cycle; the 
duration of each cycle at rating is four hours which compares unfavorably with 
the deep-pot units. Smoke emission on the same time basis as for the deep-fire 
pot heaters is of the same order of intensity for smoke densities of No. 3 or 
higher. 

The tests of the smokeless heater showed longer periods between firings than 
are obtained with the surface-fired heater, but these periods are slightly shorter 
than those obtained with the deep-fire-pot heaters. There is no runaway oper- 
ation with the smokeless heater, because of the use of a stack-temperature limit 
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control. Output is relatively constant and control of the output, whenever re- 
quired, is easily obtained by adjustment of the stack draft and slight adjustment 
of the primary-air damper. Attention given the fuel bed, either by shaking the 
grates or by poking the bed, was required only once during each test cycle. In 
addition, efficiency is high and there is negligible smoke emission. 

The main disadvantage in the operation of the smokeless heater is its relative- 
ly slow pickup, after firing on a cool residual bed. The duration of time required 
to reach rating varies; the higher the rate at which the residual fuel bed is 
burning, the quicker rating is reached. This disadvantage is compensated for, 
under ordinary heating conditions, since the stable output and long attention 
periods of the smokeless heater will keep the space being heated at a comfortable 
temperature without the necessity of quick pickup. 
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Heat Gain From Five PIpe 


The efficiencies shown in Table 1 are based on a flue-gas temperature which 
is measured 20 in. from the flue collar of the heater along the centerline of 
the stack. However, in most heater installations, useful heat is also supplied 
from the remainder of the flue pipe connecting the heater to the chimney, and, 
to some extent, from the chimney itself. This factor is taken into account in 
designing coal heaters. The furnace pipe not only vents the gases, but, for over 
100 years, has been the lowest in cost, simplest, and most effective heat exchanger 
that has been conceived for the purpose. Because of a higher temperature, the 
flue pipe on a coal heater is a more important heating surface than flues for 
other fuels, notably gas. 

A series of tests was, therefore, run with the aim of determining the amount 
of useful heat supplied from a typical arrangement of flue pipe. 


Test Setup and Procedure 


Fig. 8 shows the arrangement used for experimental work on a flue-pipe setup 
which is typical of many coal-fired-heater installations. To measure the heat 
given off by the pipe, aspirating-type thermocouples were placed at Point A, 
20 in. above the flue collar, and at Point B, the entrance to the chimney, to 
measure the temperature drop of the flue-gases from the smokeless heater. In 
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this setup a 6-in. diameter, black stove pipe was used. Tests were run at high, 
medium, and low rates of burning. 


Test Results 


Fig. 9 is a plot showing the results of the tests to determine the relation 
between the drop in temperature from Point A, of Fig. 8, to the entrance to the 
chimney and the flue-gas temperature at Point A. 


80 EFFICIENCY 

704 

604 60 
50-4 so 

404 & 40 t t--—+ + 

30+ 30 SMOKELESS HEATER 


I 


HEATER  |EFFICIENCY 


THOUSANDS OF BTU PER HR 
8 


[| 


8 
a 
>» 80 
8 
HEATER “8” ~ 
2 
- - 
304 < 30 LDEEP- FIRE- POT HEATERS 
2 = 
2 om 
& lermcuency | | 
= 
1| 
so i™ 
40 


+ 
SURFACE-FIRED HEATER 
200 400 600 800 1000 1200 


FLUE-GAS TEMPERATURE, F 


Fic. 10. RELATION OF OUTPUT AND 
OvERALL HEATING EFFICIENCY TO 
FLUE-GAS TEMPERATURE FOR THE 
TyYPicaAL INSTALLATION OF COAL-FIRED 
HEATERS OPERATING AT A NOMINAL 
Output or 40,000 Bru per Hour 


These data are, in the strict sense, applicable only to the particular type of 
heater used when operating under similar test conditions. However, the data 
are believed to be very nearly those that would be obtained with other types of 
equipment operating at the same burning rates. 


OverRALL House-HEATING EFFICIENCY 


An overall house-heating efficiency, higher than the nominal efficiency, can 
be calculated for heaters when the obvious contribution from heat lost by radia- 
tion from the flue pipe is taken into account, and also when it can be assumed 
that heat from the chimney will find its way into the dwelling. 

Fig. 10, which can be used for the determination of the overall house-heating 
efficiency, is a plot showing the relation of output and overall heating efficiency 
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to flue-gas temperature for the typical installation of a coal-fired heater shown 
in Fig. 8. Points A and B on the graph are the corresponding flue-gas temper- 
atures at Points A and B in Fig. 8. 

Fig. 10 shows that, when the smokeless heater is operating at a nominal out- 
put of 40,000 Btu per hour, with an efficiency of 62.8 percent, the flue-gas 
temperature at Point A is 820 F. The temperature at Point B, where the gases 
enter the chimney is, however, 610 F, a drop of 210 deg. Thus, the room has 
gained an additional amount of heat which corresponds to this drop in temper- 
ature, an amount equal to 5000 Btu per hour. This represents an increase in 
output of useful heat from the heater to 45,000 Btu per hour and an increase in 
efficiency to 70.4 percent. Similarly, the output of Heater “A” would be in- 
creased to 45,200 Btu per hour with an efficiency of 61.0 percent; the output 
of Heater “B” would be increased to 45,600 Btu per hour with an efficiency of 
61.8 percent; and the output of the surface-fired heater would be increased to 
46,300 Btu per hour with an efficiency of 59.2 percent. 

If all the heat given up by the flue gases, as they pass on up the chimney, is 
considered useful, the total heat utilized and corresponding overall house-heating 
efficiency can be obtained from Fig. 10, by determining the flue-gas temperature 
at the house-roof line, and reading directly from the curves the output and 
efficiency corresponding to this temperature value. 

Since the data given in Fig. 10 are based on heater outputs at or near the 
maximum rating of the heaters, efficiencies for overall house-heating taken 
from the figure cannot be construed as being representative of the seasonal 
efficiency that would be obtained; also, intangible factors such as operator skill 
are not taken into account. The data are applicable for heating-system design 
purposes, however, because heating-load calculations are based upon the extreme 
temperature conditions expected, and the heaters would be operating at high- 
output rates under such conditions. 
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DISCUSSION 


C. L. Sapp, Wilmington, Ohio (WritTEN): In discussing Fig. 5, the authors make 
an interesting comment in connection with the contrasting efficiency results between 
the two deep-fire-pot heaters, and the smokeless and surface-fired heaters. 

What analysis would account for the decreasing efficiencies of the two deep-fire-pot 
heaters with increased output, when the smokeless heater showed some increase, and 
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the surface-fired heater a rather sharp increase in efficiency? Would heating-surface 
grate-area ratio, method of introducing secondary air, or variations in flue outlets 
size contribute to this contrast? 

The method of determining the increase in output from the surface-fired heater is 
not quite clear. If the heat gain from the flue pipe is 5000 Btu in the case of the 
smokeless heater, with a temperature at Point A of 820 F, why is the heat gain of 
the surface-fired heater 6,300 Btu with a temperature at Point A of 810 F? 

In a paper given by R. C. Cross at the A.S.H.V.E. Annual Meeting in 19431 
efficiencies of the surface-fired space heater tested were of the order of 55 to 56 per- 
cent with a draft limitation of 0.02 in. Do the authors of this paper feel that an 
increase of draft limitation to 0.06 in. would be responsible for a reduction of 10 per- 
cent in heater efficiency? Or would the use of the calorimeter room provide that 
much more accuracy in measuring heat output? 

It would also be interesting and valuable information to learn whether field tests 
show that space heater users obtain the relative outputs and efficiencies indicated by 
the tests. Would the slightly more complicated control mechanism, and possibly more 
careful firing attention required for the smokeless and deep-fire heater tend to discount 
the higher efficiencies obtained under laboratory conditions ? 


Otto J. Ress, Milwaukee, Wis. (WritTEN): The methods of determination of the 
losses due to smoke and unburned components of the fuel are of considerable interest. 
In the past many references have been made to the fact that the actual available heat 
output of heating appliances is not only the bonnet output of the appliance but also 
the sum of such factors as heat regained from the smoke pipe and chimney. References 
have also been made to an assumed percentage of unaccounted for loss in the nature 
of unburned components of the fuel. The magnitude of these regains and losses could 
not be determined through use of the conventional indirect method of flue loss deter- 
mination. The presence of these various factors has been recognized but their 
determination as to magnitude has not been available and particularly not in regard 
to tests with different appliances and operating at different rates. 

In the method under discussion, the unaccounted for losses, which are assumed to 
to be the measure of the unburned fuel, are determined by the difference between the 
output of the unit as measured by the flue loss method and the output obtained through 
the direct method as measured by the calorimeter room. Accurate control must be 
kept to prevent the entrance of heat from the smoke pipe into this determination. 
The question arises as to the location of the stack temperature measuring point. If 
the stack temperature in the flue loss determination were taken at the flue collar of 
the appliance, the heat dissipated from the smoke pipe into the enclosure would result in 
a smaller difference between the flue loss of the unit and the calorimeter room reading 
with a corresponding reduction in the calculated unburned fuel loss. However, if the 
stack temperature determination was taken at the ceiling of the calorimeter room the 
effect of the heat dissipated from the smoke pipe into the enclosure would be accounted 
for in the flue loss and leave a difference between that figure and the room calorimeter 
reading as chargeable entirely to unburned fuel. 

The possible effect of chilling of the smoke pipe due to the action of a check 
damper or a barometric draft regulator would have a tendency to reduce the heat 
supply to the room from the smoke pipe. This situation, of course, would not be 
true at times of maximum heater output, unless a barometric draft control was used. 
It would also be possible with the arrangement as described in this paper to conduct 
some very interesting tests on the effect of the heat which is removed from the en- 
closure due to the action of the barometric draft regulator. A series of tests could 
be conducted in which the barometric draft control is placed exterior to the enclosure 


1 Performance Characteristics of a Coal-Fired Space Heater, by R. C. Cross (A.S.H.V.E. Trans- 
actions, Vol. 49, 1943, p. 99). 
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and a similar series of tests conducted in which the maintenance of a constant draft is 
effected through the use of a barometric draft regulator pulling makeup air and room 
heat directly from the enclosure. 

The point of heat gain from the flue pipe is very well presented. The flue pipe does 
present a definite low cost and simple type of heat exchanger. However, it is interest- 
ing to note that in the 6 ft of 6-in. smoke pipe used in this test credited with a heat 
regain of 5,000 Btu, that the total surface represented by this smoke pipe is equal 
to 9.42 sq ft of heating surface. On the basis of the 5,000 Btu heat regain from this 
surface, the heat transmission per sq ft of smoke pipe is 530 Btu per sq ft. This 
figure of 530 Btu per sq ft of heating surface is definitely low in comparison with 
figures used for calculating the transmission of heating surfaces of the direct fired 
heaters themselves. One possible source of this, no doubt, is that the smoke pipe 
rising as it does vertically above the heater and then along the ceiling is in a zone of 
high temperature air in which the maximum effectiveness of this heating surface is 
not utilized. 

The material contained in this paper in giving a definite value to factors which in 
the past have been placed at arbitrary percentages of the total output of the heating 
appliance is of definite interest and presents opportunities for clearer understanding 
of the sources of heat available for heating of the structure with certain types of 
appliances. 


E. A. Erickson, Chicago, Ill. (Written): The authors are to be commended for 
presenting an excellent paper which is of practical value to fuel engineers and testing 
laboratories. For years, these engineers and laboratories have been using values 
obtained from their own experience in evaluating the unaccounted stack losses of 
domestic heating appliances when burning the various types of solid fuels. 

That the efficiency curves for the two deep-fire-pot heaters, as shown in Fig. 5, 
were nearly identical over the full range of outputs was very interesting. These results 
tend to show the fallacy of claims for improved performance because of some ingenious 
liner design. It was even more surprising to note that the characteristics of efficiency 
for the surface-fired heater differed from those of the two deep-pot heaters. It would 
have been expected that the efficiency characteristics for both these types of heaters 
would be similar; that is: increasing with increased output up to the designed output 
of the heater. 

Fig. 6 shows that the maximum output of 40,000 Btu per hour within test code 
limitations appears independent of heater design. If this is true, then it also appears 
that some formula, similar to that developed by the University of Illinois for rating 
warm-air furnaces, is in order, using the area of heat transfer surface as a basis. In 
line with this, it would be interesting to know the burning rates per sq ft of grate area 
for the conventional heaters tested. 

In connection with Fig. 7, the authors present several reasons for the differences 
in unaccounted-for losses for Heaters “A” and “B”. I should like to ask if shielded 
thermocouples were used to measure the temperatures of the flue-gases in the tests 
on the conventional heaters. In my experience in this work, I have noticed differences 
of up to 200 F between use of shielded and unshielded thermocouples in the high 
temperature ranges given in the paper. The fact that Heater “B” showed higher 
flue-gas temperatures with correspondingly lower unaccounted-for losses appears to 
warrant this question. A temperature difference of only 80 F would decrease the dry 
flue gas loss about 2.7 percent and correspondingly increase the unaccounted-for loss 
a like amount. If such were the case in these tests, the unaccounted-for losses for the 
two deep-pot heaters would be more nearly of the same order. 

The authors state that the users of deep-pot heaters can expect a certain amount 
of overheating because of lack of control on burning rate with the deep fuel bed. I 
have noted in my observations on several surveys that the users do not fill these 
heaters to capacity. Apparently, they have learned a method of control to prevent 
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overheating. It would be interesting to see some results with respect to efficiency, 
unaccounted-for loss, and smoke performance with the heaters operated at only half- 
fuel capacity. 

In conclusion, | would like to comment on the gain in overall house-heating efficiency 
with respect to the flue pipe and chimney. No remarks were given in the paper 
regarding the use of a barometric damper which is recommended for nearly all heater 
installations for control of burning rate and output. Because of the dilution of hot 
flue gases with the warm room air, the heat gains mentioned in the paper could be 
nullified. Results of tests have shown heat losses from 2000 to 7000 Btu per hour, 
depending upon the magnitude of the draft, as escaping through the barometric 
opening to the stack. 


P. R. Acnenspacu, Washington, D. C.: I am very much interested in this paper 
because it describes tests similar to those made at the National Bureau of Standards 
during the last war on a large number of space heaters, some burning anthracite and 
some burning bituminous coal. We also used a calorimeter room for this purpose 
which was, I believe, a predecessor of that now used at Battelle Memorial Institute. 

There are several questions that come to my mind about the test procedure. Fig. 1 
in the paper indicates that a bellows-type joint was used in the smokepipe to permit 
free movement of the scale platform during the test in conjunction with a vertical 
smokepipe connection whereas the data in Fig. 9 on flue-pipe heat losses were obtained 
with an S-shaped or Z-shaped smokepipe. Are the data obtained from the Z-shaped 
connection applicable to the straight smokepipe and bellows arrangement used for the 
calorimeter tests? 

Are the heater outputs plotted in Fig. 5 values obtained from the calorimeter 
measurements and have these values already been corrected for the heat loss of the 
smokepipe from the station of flue-gas temperature measurement 20 in. from the flue 
collar to the ceiling of the calorimeter room? That is, do the unaccounted-for losses 
plotted in Fig. 7 represent a difference between the direct and indirect efficiencies of 
the heater both related to the station of flue-gas measurement 20 in. from the flue 
collar ? 

I would like to inquire whether or not complete flue-gas analyses were made at any 
station in the smokepipe. It is possible, of course, by measuring the total unburned 
hydrogen and carbon atoms in the flue gases to evaluate all of the incomplete combus- 
tion loss except that represented by soot and tar that might be deposited in the 
sampling line or its filter. Table 1 shows that there was no carbon monoxide in the 
flue gases for any of the four tests reported. Our tests of magazine type coal heaters 
at the National Bureau of Standards showed that there were, with almost no excep- 
tions, measurable percentages of carbon monoxide, hydrogen, and unburned hydro- 
carbons in the flue gases with both anthracite and bituminous coal causing incomplete 
combustion losses ranging from 4 to 18 percent of the heating value of the fuel. When 
these incomplete combustion losses were taken into account, the direct and indirect 
efficiencies agreed within three percent or less in all tests but two when the disagree- 
ment amounted to 5 percent. That is, our experience indicates that a fairly good 
agreement between indirect and direct efficiencies and between indirect and direct 
outputs can be obtained when a complete flue gas analysis is made with a precision 
flue-gas analyzer. It further indicated that the flue losses that could be attributed to 
soot and heavy tarry materials was of a magnitude less than the precision of the 
other measurements. 


R. K. THutMan, Washington, D. C.: I would like to ask the author if the two 
deep-fire-pot heaters were jacketed. I believe the smokeless heater is a jacketed type 
of heater. 

I would also like to ask the author; does the use of a jacket account for any 
difference in efficiency between the smokeless heater and the deep-fire-pot heaters? 


} 
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By way of comment I would like to suggest that the calorimeter method of measur- 
ing the output of heaters of this type might be questioned in view of the practical 
effects that we get in the use of space heaters which produce a very high temperature 
gradient within the room; I dare say that the temperature measurements within the 
calorimeter room might have been fairly uniform because of the forced distribution 
of air within it. 


AuTHors’ CLosurE: The comments and questions presented by the discussors are 
indicative of the widespread interest in technical problems associated with the rating 
of space heaters. Despite the extensive use of coal-burning heaters, few published 
data on their performance are available in the literature, and much in the way of 
systematic testing is still required. Examples of such additional tests would be a series 
designed to evaluate the effect of barometric dampers as suggested by Mr. Ress and 
by Mr. Erickson, and field tests under controlled conditions as suggested by Mr. Sapp. 

Mr. Achenbach’s statement regarding the close correlation between direct and 
indirect efficiencies when a complete gas analysis was made during work at the 
National Bureau of Standards is a valuable contribution; attempts to make a similar 
comparison have not been made at Battelle Memorial Institute. When the calorimeter 
room was constructed at Battelle Memorial Institute for Bituminous Coal Research, 
Inc., it was decided that the room method was the only positive means of establishing 
beyond doubt the magnitude of total unaccounted-for losses associated with the burn- 
ing of bituminous coal. Tests with anthracite, for which unaccounted-for losses are 
negligible, showed that heater output as determined by the room data checked within 
2 percent of the heater output as determined indirectly. 

In answer to Mr. Achenbach’s and Mr. Ress’ questions concerning flue-gas tempera- 
ture measurement, a thermocouple was placed in the stack 20 in. above the heater 
flue collar, as is recommended in most heater test codes. All calorimeter room results 
of output, efficiency, and unaccounted-for loss were based on this temperature. In 
instrumenting the calorimeter room, a second flue-gas-temperature thermocouple was 
placed at the point in the stack where the flue gases pass at the level of the ceiling. 
Thus, it is possible to calculate the heat loss to the room between these two levels. 
This amount of heat is then subtracted from the total heat measured by the room to 
give the heater output, including the first 20 in. of flue pipe. Data on heat gain from 
the typical flue pipe installation described in the paper are based on the temperature 
drop in that portion of the pipe which is beyond the first 20 in. and may be applied to 
any standard type of flue pipe configuration. 

Replying to Mr. Erickson’s question, only the bare type of thermocouple was used. 
Since the thermocouples were exposed to flame during portions of the test cycles 
of the deep-fire-pot heaters, it is possible that this would affect the determination of 
dry flue-gas loss as suggested. However, the authors doubt that the difference between 
the two types of deep-fire-pot heaters can be explained in this manner, since, from 
observation, the flame travel patterns in each appeared to be similar. 

Regarding Mr. Thulman’s questions on the jacketing of the heaters, all heaters 
except the conventional surface-fired unit were of the radiant type. Tests of a smoke- 
less heater in the calorimeter room, some years ago, both with and without a jacket, 
showed no significant difference in heater output or efficiency. 

Mr. Sapp has asked several questions regarding the interpretation of the results 
presented in the paper and their application to practical field conditions. The deep- 
fire-pot heaters have only a limited area for heat transfer that is not protected by 
refractory; this area consists of. the top and flue pipe. As pointed out by Mr. Ress, 
the flue pipe is not so effective as direct-fired heater surfaces in transferring heat, 
and the decreasing efficiency of the deep-fire-pot heaters, which results from increasing 
dry flue-gas losses, can probably be explained at least in part by this fact. The 
difference in heat gain from the flue pipe for the various heaters comes about because 
the mass flow of gases varies for each as well as the temperature drop in the flue pipe. 
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The lower efficiencies for a surface-fired heater presented in this paper, as compared 
to those given by R. C. Cross, are a result of higher dry flue-gas losses obtained for 
the heater tested in the calorimeter room. They are due in turn to the higher flue-gas 
temperatures and the lower COz2 obtained at Battelle Memorial Institute. Since Mr. 
Cross was on the side of conservatism in assuming a 20 percent unaccounted-for loss, 
the true efficiency of the heater described in his paper is probably even higher than 
claimed. The performance characteristics of the two heaters are probably different 
because of differences in heat-transfer area or arrangement; moreover, there were 
probably differences in the test procedure. For example, the secondary-air damper 
was wide open during the Battelle tests, but the same area for admission of secondary 
air may not have been used by Mr. Cross. 
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THE MEASUREMENT OF SMOKE 
By K. O. Beatty, Jr.* anv J. E. Deas, Jr.,f Rateicu, N. C. 


MOKE emitted from a combustion process may indicate incomplete combus- 

tion, a direct economic consideration, and may also produce a community 
nuisance. This latter aspect has been the subject of a number of papers}. 
These problems have stimulated investigators to develop a number of methods 
for evaluating the extent and nature of smoke. Some of these workers have 
been concerned with research on combustion processes and others have been 
interested in control and abatement of atmospheric pollution. All however, have 
sought some adequate procedure for assigning quantitative values to smoke. 

Quantitative measurement of smoke presents a number of virtually insoluble 
problems. This is apparent from the different characteristics which may make 
smoke undesirable. Poorly operated furnaces may produce sufficient smoke to 
create an undesirable atmospheric haze. Deposits of soot in the flues and stack 
may be of more direct significance to the plant owner. Furthermore, neither 
the amount of smoke visible nor the soot deposited are measures of the efficiency 
of combustion of the fuel. A finely dispersed smoke causing appreciable haze 
may leave no visible deposits anywhere. On the other hand, combustion condi- 
tions which rapidly clog the flue and stack with soot may cause only a faint 
gray stream at the chimney top. 

An experimental procedure which measures accurately any one of these 
characteristics of smoke cannot, of necessity, be expected to give a direct corre- 
lation with a procedure which measures some other equally important aspect. 
There is not, nor can there be, any single solution to the problem of quantitative 
measurement of smoke. Concrete evidence of the ambiguities resulting from 
the use of different methods is offered later in this paper. 

A brief discussion of some of the various methods now in use, their principles 
and what they actually measure, seems desirable and is given in the next section. 
Modifications of three of these methods have been used simultaneously and the 
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data so obtained allow direct comparisons of results of different instruments 
on the same smoke, thus permitting some interpretation of their relative signifi- 
cance. These results are given in the latter part of this paper. 


PRINCIPAL METHODS OF MEASURING SMOKE 


Smoke indicators may be divided into three groups according to the A.S.M.E. 
Power Test Code of 1945 as follows: 


1. Those which are intended for measuring smoke density, according to some scale, 
either within the stack itself or as it issues from the stack. 


2. Those which give a quantitative measure of the degree of smoke pollution in an 
atmosphere. 

3. Those which are primarily operating aids and do not measure smoke density 
except indirectly. 


It is only the first of these groups that is to be considered here, although the 
methods of the other two groups are basically the same. The methods in common 
use may be classed as either qualitative or quantitative procedures. The classi- 
fication is not distinct since without a clear definition of what smoke is, no 
method can be said to be truly quantitative. However, those procedures which 
attempt to make measurements under conditions which can be reproduced at 
the will of the operator, have been called quantitative. 


QUALITATIVE METHODS 


Ringelmann Charts. It is a common but incorrect belief that the amount of 
soot and flyash in smoke is proportional to its visual density. This is approxi- 
mately true only when atmospheric conditions, chimney diameter and fuel rate 
remain constant. Notwithstanding these limitations, the visual density of a 
smoke has become accepted widely as a legal criterion for maximum allowable 
smoke. 

Probably the first widely used standard of visually measuring smoke was the 
familiar Ringelmann chart method. The Ringelmann charts are a series of 
cards, ruled as shown in Fig. 1, so that at a distance they appear as shades of 
gray. The density of these charts covers the range of solid white to solid black 
through four intermediate shades of gray. These charts are visually compared 
with the effluent smoke to give values from 0 for no smoke to 5 for dense black 
smoke. The chart (in the form of a card having 200 or 300 squares of the 
type shown) is set in a direct line between the chimney and the observer at a 
distance of about 50 ft from the observer. The observer then makes visual 
comparison of the smoke directly across the top of the stack with the apparent 
shades of the Ringelmann cards as observed at a distance of 50 ft. 

This method has gained widespread use since it involves inexpensive equip- 
ment and evaluates apparent density of the effluent smoke, which is the feature 
most likely to be criticized by the public. It is desired in most cases to keep 
the apparent density of the smoke entering the air to a minimum and therefore, 
city smoke ordinances have generally specified a certain Ringelmann number 
as the maximum density allowable. 
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There are certain disadvantages, however, in this visual smoke density 
evaluation ¢. 


1. The apparent density of the smoke depends on the amount of light coming 
through the smoke to the observer, and hence, it depends on the nature of the back- 
ground. 

2. It is influenced by the wind velocity. When the wind is blowing strongly, the 
smoke is scattered widely and appears very thin; however, when the air is still, the 
smoke accumulates, giving a more dense appearance. 


3. High relative humidity tends to intensify the apparent density of any smoke 
dispersion. 

4. The size of the chimney from which the smoke issues causes a marked change in 
the apparent density of a smoke. The larger the chimney, the denser the appearance 
of the smoke if other factors are constant. 

5. The smoke inspector has a problem of judging the comparative density of two 
widely spaced surfaces, t.c., the charts and the smoke. 


With compensations for these objections, the Ringelmann method may be 
satisfactory for municipal ordinance control, but it is of little value for purposes 
of quantitative comparison. 


Umbrascope. The umbrascope was developed to overcome some of the more 
obvious limitations of the Ringelmann charts. In its use a small sighting tube 
is arranged so that half of the field of vision may be covered by semicircular 
plates of clouded glass. The degree of darkness can be regulated by inserting 
up to four glasses in series. A direct comparison can then be made between the 
clouded glasses and the smoke as viewed through the open half of the field of 
vision. 

Details of both of these methods together with variations of them are given 
in the A.S.M.E. Power Test Code 3. 


QUANTITATIVE METHODS 


Filter Spot. Particles of smoke dispersed in a gas can be collected by means 
of an appropriate filter medium. If a fixed volume of flue gas is drawn through 
a filter, such as white filter paper, the density of the spot produced by the 
deposited smoke particles can be used as a measure of smoke density in the 
stack. The spot thus obtained is usually compared with various standard spots 
ranging from white for no smoke to black for dense smoke. In one system, a 
number is assigned to each standard spot, ranging from 0 to 9 by units of % 
(19 standard spots total). For combustion processes which produce black 
smoke spots such as those burning coal or petroleum products, this method of 
smoke measurement has been used with considerable success®. However, the 
apparent intensity of the spot is a function of color as well as quantity of smoke 
deposited. White smoke particles would fail to show up on the filter, and inter- 
mediate color shades would show up to a lesser degree than would the same 
quantity of black smoke particles. Particle size also affects the results obtained 
with this method of smoke measurement. Very fine particles may be only 
partially collected on the filter and the shade of the spot obtained may be differ- 
ent from that for an equal weight of larger particles. 
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In recent years several smoke meters have been designed to make use of this 
principle of collecting smoke particles on a filter. The North Carolina State 
College, Department of Engineering Research, has fabricated an apparatus 
designated the N.C.S. smoke meter which employs this principle. It is discussed 
in detail in the section N.C.S. Smoke Method. 

Although visual comparison between the spot and a special scale is common, 
alternative procedures such as photoelectric devices and weighing have been 
used. 

Deposit Methods. It is a well established fact that smoke particles tend to 
deposit on surfaces in contact with the smoke, particularly if these surfaces are 
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cooler than the smoke. The rate of deposition on a surface can be used as a 
measure of smoke density in a flue or stack under certain conditions. 

One method for determining the rate of deposition is to allow smoke to settle 
on a clear glass rod for a given length of time. The density of the deposited 
smoke particles is then measured by means of a photoelectric meter calibrated 
to indicate the percent of light transmitted, based on 100 percent transmission 
for a clean glass rod. The Jnstitute of Cooking and Heating Appliance Manu- 
facturers has developed such a meter, and it is described in a later section under 
the heading /.C.H.A.M. Method. 

Another method which might be used for determining the rate of deposition 
of smoke particles on a surface suspended in a smoke stream is a sensitive 
weighing device. A Jolly balance may be used to weigh a screen or other 
suitable surface suspended in the gas stream through a small hole in the stack. 
The rate of increase in weight of the suspended surface due to smoke deposition 
will be a function of the density of the smoke. This method has not, to the 
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knowledge of the writers, been used for measuring smoke density although the 
principle has been used in testing anti-sooting agents®. 

Light (Radiant Energy) Transmission Methods. A characteristic of smoke 
which lends itself readily to quantitative measurement is its obscuring effect on 
light. When a beam is directed through a gaseous dispersion of smoke particles, 
some of the light is absorbed by the particles, some is scattered at various 
angles, and some passes through undeflected. If a means is provided for measur- 
ing the light transmitted through the smoke, the decrease in light intensity from 
that obtained without smoke is a measure of the smoke density. 

The light transmitted through a dispersion such as smoke is a complex 
function of particle size, concentration and nature ®. A very minute amount of 
material appropriately dispersed may produce a highly opaque smoke whereas 
a relatively large amount suspended as coarse particles may give high trans- 
mission factors. The method is thus a measure of the ability of the smoke to 
obscure light and not necessarily a measure of the density of the smoke as it 
would appear to an observer. To an observer, the appearance of smoke is a 
function of color and background. Smoke viewed by a combination of reflected 
and transmitted light may appear to have a different density than the same 
smoke viewed entirely by transmitted light. 

One device for measuring light intensity is a photoelectric cell. In practice, 
a constant intensity light source is mounted so that a light beam, directed 
through a section of the smoke pipe, strikes the photoelectric cell. Usually for 
a large industrial stack, the beam is directed transverse to the flow of gas. 
In smaller stacks the beam may be directed longitudinally through an offset 
section of the pipe through which the entire products of combustion must pass. 
The light received by the photoelectric cell is measured by the output of the 
cell as read on a microammeter calibrated directly in microamperes or in 
arbitrary smoke units. 

A photoelectric smoke meter similar to one developed by Underwriters’ Lab- 
oratories, Inc. with certain modifications has been successfully employed in the 
laboratories of the Department of Engineering Research for making smoke 
measurements. This instrument is described more fully in a later section under 
the heading Photoelectric Smoke Meter. 

Another transmission method of measuring smoke density is based on the 
bolometric principle of measuring minute quantities of radiant energy. A source 
of radiant energy, usually an incandescent light, is mounted at one side of the 
smoke stream and the radiant energy transmitted is collected at the other side. 
The bolometer differs from the photoelectric cell in that it measures total 
radiation rather than light intensity alone. Since the majority of energy particles 
emitted by an incandescent light is in the infra-red region, the amount of absorp- 
tion observed may be different from that observed with a photoelectric cell. A 
smoke density recorder, making use of the bolometric principle, has recently 
been placed on the market. 

The advantages of the radiant energy transmission methods of measuring 
smoke density may be summarized as follows: 


1. They give a continuous check on smoke density and are easily adapted to record- 
ing instruments. 


2. When adjusted and maintained properly, they give a high accuracy and sensitivity 
to changes in smoking rates. 
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3. They can be equipped to alert an operator when the maximum allowable smoke 
density has been reached, so that steps can quickly be taken to correct the condition. 


A disadvantage common to both the photoelectric and bolometric methods is 
the tendency of soot and dust to deposit on the light source and the collecting 
cell windows. The photoelectric method has the further disadvantage that the 
output of the cell tends to decrease upon prolonged exposure to light. 

Electrical Precipitation. When smoke particles, fumes or liquid droplets, en- 
trained in a gas, are given a high negative electrical charge, they will adhere 
to a positively charged plate. By using a suitable means of collecting these 
adhered particles, the entrained solid and liquid particles can be éffectively 
removed from effluent gas streams. 

The electrical precipitator makes use of this principle for a wide range of 
dust removing purposes. The precipitator in its simplest form consists of a wire 
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suspended in a pipe through which the gas flows. A high tension direct current 
passes from the wire through the gas (negatively charging the particles 
present) to the pipe which serves as the positively charged collector plate. The 
particles rapidly move toward the positively charged surface and adhere; how- 
ever, if too many of these adhered particles accumulate, some of this material 
may flake off and become again entrained in the gas and thus be carried to the 
atmosphere. Therefore, the usual practice is to provide for intermittent removal 
of the deposit from the positive plate. 

The primary source of current generally used is 110 to 550 volts a-c power 
stepped up by means of a transformer to a range of 15,000 to 25,000 volts? for 
small scale laboratory work and 50,000 to 75,000 volts ® for industrial size units. 
The current is then rectified to unidirectional, high potential current, suitable 
for precipitation. A diagram of the essential elements of an electrical precipita- 
tor is given in Fig. 2. In laboratory devices, aluminum foil may be used to line 
the pipe so that the charged particles collect on the aluminum foil from which 
they can later be removed. 

Portable electrostatic samplers are available and in wide use for smoke and 
dust contamination work of all sorts. One of their principal advantages is the 
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high percentage of recovery of even extremely minute particles. The material 
recovered is in a form well suited for further examination as to its physical 
and chemical nature. To the knowledge of the authors, this principle has not 
been employed in the routine measurement of smoke resulting from the com- 
bustion of fuels. 

Counting of Particles. Smoke particles generally range in size from 0.2 to 1.5 
microns (1 micron = 1/1000 millimeter). A knowledge of the number of 
particles in a given volume of gas together with the average particle diameter 
constitutes a good measure of the density of a smoke. The most widely used 
research tool for making smoke counts is the ultramicroscope because the 
particles are frequently below the range of the ordinary microscope. The 
apparatus consists of a sititably lighted sampling chamber and an ultramicro- 
scope fitted with a slit or eyepiece aperture which restricts the vision to a known 
area. From the depth of focus, the area of the aperture used and the particle 
count, the number of smoke particles per unit volume can be calculated. For 
operation, a sample of smoke is drawn into the sampling cell and a number of 
successive counts are made. As many as fifty counts may be necessary in order 
to have a reliable coverage. 

A method for collecting the smoke particles so that a count may be taken at 
leisure has been proposed by R. Whytlaw-Gray, W. Cawood and H. S. Patter- 
son19, By this method a sample of the smoke is trapped in a small space of 
known volume between two glass plates in a special holder. The smoke particles 
are allowed to settle out on the lower glass plate which is then removed and 
placed under an ultramicroscope where the particles may be counted. 

Particle size measurements present an appreciable problem because their range 
is frequently below that permitting direct or photographic microscopic exami- 
nation. In many studies, the particle diameters are merely estimated and particle 
count is used as the basis of comparison between smokes. 


METHODS USED AT NorTH CAROLINA STATE COLLEGE 


Since it was felt that no one method of measuring smoke would give complete 
information, three methods were chosen for investigation, each being based on 
a different principle. They are described in some detail in the following pages 
and a comparison is given of results obtained with all three methods under a 
variety of combustion conditions. 

I.C.H.A.M. Method. This method receives its name from the initials of its 
sponsor, the /nstitute of Cooking and Heating Appliance Manufacturers. Since 
it is a deposit method, it would be expected to serve as a good measure of the 
tendency of the smoke to clog flues and chimneys. 

In the J.C.H.A.M. method, a specially designed clean pyrex glass rod about 
%e in. in diameter by four in. in length is inserted into a horizontal portion 
of the flue through a small hole in the top. The rod is thus in a vertical position, 
normal to the flow of smoke. The rod is exposed to the smoke for a total of 
20 min. For the purpose of obtaining a uniform deposit, the rod is rotated 180 
deg about its longitudinal axis when half of the exposure time has elapsed. 

The rod is removed from the stack at the end of the 20 min and the extent 
of deposit is determined by measuring the light which will pass through the 
coated rod on a diameter. This is done by inserting the rod in an instrument 
containing a light source, photocell and milliammeter, housed in a metal cabinet. 
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Step 1: Clean smoke 


rod thoroughly. Step 2: Insert clean rod in meter and rotate 
to point of lowest reading. Adjust meter to 
read 100 transmission. Remove rod and note 
the meter reading on air. 


Step 3: Insert rod in stack opening and start Step 4: Rotate smoke rod 180 deg in stack when 


timing simultaneously. 


exactly half the exposure time has elapsed. 


(See opposite page for Steps 5 and 6) 


Fic. 3. Steps OBTAINING J.C.H.A.M. SMoKE VALUES 
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i 


Step 5: Adjust meter to read the same light Step 6: Insert exposed smoke rod in meter and 
transmission through air as observed in Step 2. — Lowest observed reading is the /.C.H.A.M. 
smoke. 


Fic. 3. (continued) Steps 1n OstatninG /.C.H.A.M. 
SMOKE VALUES 


The instrument is provided with a support for the glass rod and an arrange- 
ment for directing a beam of light through the rod onto the photocell. The cell 
is connected to a meter containing a scale graduated from 0 to 100. The voltage 
to the light source is maintained constant by means of a constant voltage trans- 
former. The light meter must be set at the beginning of each test run by 
adjusting the light intensity so that the meter indicates 100 with the clean glass 
rod inserted in it. In order to reproduce this setting when ready to make 
measurements on the coated rod and before the rod is inserted, the meter is set 
to the same value of light transmission as was noted immediately after the 
clean rod had been removed when the meter was adjusted for 100. 

When the meter has been properly adjusted, the coated rod is inserted and 
rotated slowly. Because of variations in the deposit and in the rod, fluctuations 
of meter reading of several percent will be noted. The lowest value observed 
is taken as the reading. Since similar fluctuations are observed when rotating 
a clean rod, the initial setting is made at 100 with the clean rod in the position 
of lowest light transmission. 

The various steps in the procedure are shown in the series of photographs 
in Fig. 3. 

Since the readings are based on light transmitted, the amount of deposit or 
smoke is proportional to 100 minus the J/.C.H.A.M. reading. Values of 
I.C.H.A.M. smoke are usually reported as meter readings and hence increase 
with decreasing smoke. 
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N.C.S. Smoke Method. The N.C.S. meter is the name given to a modification 
of the filter spot method developed at North Carolina State College. In this 
apparatus a fixed volume of smoke is drawn through white filter paper and the 
intensity of the spot produced is compared visually with a series of standard 
spots. The procedure is essentially a measure of the total amount of dispersed 
solids in the smoke. 

A schematic diagram of the apparatus is given in Fig. 4. This shows the 
valve arrangements for the three steps in sampling. The water flowing from 
the 18 liter bottle draws the sample of smoke from the stack through the filter 


VALVE NO ' 2 5 
FILLING: Oren CLOSED CLOSED OPEN 
CLEARING CLOSED CLOSED Oren CLOSED 
ORAWING CLOSED oren CLOSED CLOSED 


CLEARING 


ORIFICE 
FOR FUTER 


PAPER 


SAMPLE 


Fic. 4. Dracram oF N.C.S. SMOKE 
APPARATUS WITH OPERATING POSITION 
oF VALves. As SHOWN, THE WATER 
LEVEL IN THE BOTTLE Is IN POSITION 
TO START DRAWING A SMOKE SAMPLE 
Across A CLEAN FILTER Disc 


paper into the bottle. The volume of the sample is regulated automatically by 
the relative positions of the two overflow pipes. As currently operated, a sample 
of 8200 cc is drawn through the filter paper in approximately 160 sec. 

The filter paper is held between two carefully finished brass fittings. A gasket, 
cut with an inner hole the size of the hole in the brass fittings, is used to prevent 
leakage of air into the system. The diameter of the spot is about ™%e in. The 
filter paper used is Whatman No. 4. 

Typical spot samples are shown in Fig. 5 for several ranges of smoke. In this 
photograph, two spots have been made on each filter paper to show the general 
reproducibility of results. The penciled numbers by each spot correspond to the 
rating obtained by comparison with the scale of standard spots. The scale used 
for comparing smoke spots on the filter paper is one developed by The Shell 
Oil Co. for use with its Shell Smoke Meter, which operates on the same 
principle. This scale consists of 19 standard spots ranging in density from 
solid white to solid black. The scale begins numerically at 0 for white and goes 


— 
— 
| 
\3 
TO DRAIN 


117 


THE MEASUREMENT OF SMOKE, BY K. O. Beatty, JR. AND J. E. Deas, JR. 


JO JAMO] UT 

doz 48 pajzunou Ajquiesse dure, Jasyo jo ydvisojoyg 


ADATIOD ALVLG 
HLYON LV NOILVTIVISN] ‘9 


poyjeur styz Aq jo 
ay} MOYS ISTP uO sjods OM} OYJ, “OD TIO 94} UO 


pus %p ‘g ‘Al Wor 318 uUMOYS jyods eyous 


YALA AMONS 


ONIS() GANIVLAO SLOdS AMONS AO HdVADOLOHG “OLY 


t= “Ta 
id 
: 
fron 
wy, 
4 
4 


118 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


to 9 for black by units of one half, thus giving increasing numerical values for 
increasing smoke densities. 

Photoelectric Smoke Method. The light transmission inethod was adapted to 
measure smoke photoelectrically in the Engineering Research Laboratory. As 
mentioned in the previous discussion, the method is not a direct measure of 
either quantity of suspended material or its nature. It, therefore, differs dis- 
tinctly from both the /.C.H.A.M. and N.C.S. methods. 

The arrangement used in this investigation is shown in the photographs of 
Fig. 6. A diagram of the apparatus is given in Fig. 7. To obtain an appropriate 


FLUE GAS 
ouT 
LAMP 
ASSEMBLY | 
IN PHOTOELE 


RHEOSTAT 


VARIAG 
| CONSTANT 
NOAG. VOLTAGE 
| ‘TRANSFORMER o 
AMMETER 


Fic. 7. D1acram oF Photoelectric SMOKE APPARATUS WITH 
EssENTIAL Parts AS INSTALLED AT NorTH CAROLINA STATE 
COLLEGE 


length of path, the flue gas is passed through an offset section of the stack four 
feet long. A 100 watt projection lamp is mounted at one end of this section of 
pipe. The output of a constant voltage transformer supplies the current for this 
lamp through a variable transformer in parallel and a rheostat in series with the 
lamp. Light from the lamp source enters the flue gas along the axis of the stack 
through a two-inch diameter hole in a cap over the end of the pipe. 

An elbow is mounted at the opposite end of this section of stack with a prism 
set at the center of the bend in such a way that light from the projection lamp 
is deflected onto a photoelectric cell. The photoelectric cell is mounted at the 
end of the elbow rather than at the end of the four foot section of pipe in order 
to remove it from the effects of heat from the stack gases. 

The output of the photoelectric cell is indicated by means of a microammeter. 
Before starting a test with the furnace, the light intensity from the lamp is 
adjusted so that some predetermined and convenient value is obtained on the 
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microammeter. It is best to make this initial setting on a preheated stack. Care 
must be taken to assure that no products of combustion are present when this 
setting is made. 

Readings taken while smoke is being produced will be less than the initial 
setting since the smoke interferes with passage of the beam of light, and the 
output of the photoelectric cell will be accordingly less. Thus, the difference 
between the initial microammeter reading and the test reading or microampere 
drop is a measure of the quantity or density of the smoke passing through the 
smoke section. 

Smoke readings are reported in terms of this microampere drop and hence, 
increase in value with increasing smoke densities. 


CoMPARISON OF SMOKE METHODS 


The extensive tests being carried out on the effect of combustion conditions 
on the burning of fuel oils afforded an opportunity for comparing the results 


TaBLE 1—CoMPARISON OF EFFECT OF Excess AIR ON VALUES OF I.C.H.A.M., 
N.C.S., AND Photoelectric SMoKE READINGS 


(All data obtained burning light fuel oil in a forced draft pot-type burner) 


ee % 27.5 23.1 17.8 16.5 
lb/hr 4.76 4.84 4.88 4.90 
I.C.H.A.M. Smoke Reading..... 78 73 52 32 
N.C.S. Smoke (Shell Co. Units). . 2.0 2.5 4.0 5.0 
Photoelectric Smoke 

(milli-amp drop).............. 0.3 0.6 0.8 1.8 
Stack Temperature........ Fahr 782 780 765 767 
Room Temperature........ Fahr 76 77 78 82 


obtained with the three smoke meters under a variety of conditions. In the 
standard tests being run the fuel rate and the air rate were varied for several 
types of domestic heating units when burning a number of different fuel oils. 
The data presented here, however, are limited to a single type of furnace using 
a forced draft, pot type unit. 

An increase of the amount of excess air used in combustion usually reduces 
the amount of smoke produced. The data in Table 1 show the effect of excess 
air on the smoke values obtained by each of the three methods when the fuel 
rate is held constant. It will be noted that although the photoelectric smoke 
value increased six fold when the percent excess air was reduced from 27.5 to 
16.5, the N.C.S. smoke only increased two and one half times. Comparison of 
these three methods indicates that although all show increasing smoke with 
decreasing excess air, the relationship among the three is by no means linear. 

There are several reasons-for this. In the first place each of the scales is 
arbitrary and cannot be said to be a linear measure of smoke density. Con- 
sequently the relationship between them will not be linear. This, however, would 
not preclude a direct correlation between any two sets of values. 

The second and more important reason for the lack of agreement between 
methods is that other characteristics of the smoke change along with its density. 
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Reducing the amount of excess air alters the nature (size, shape and composi- 
tion) of the smoke particles as well as their concentration. 

This change in the nature of the smoke particles is even more pronounced 
with variations in the fuel burning rate of the burner. To illustrate this, data 
are given in Table 2, representing average results for a number of runs at 
various fuel rates. The data are listed in order of decreasing fuel rate and have 
been arbitrarily grouped as high, intermediate and low fuel rates. 

Comparisons of results are presented graphically in Figs. 8, 9, 10 and 11. In 
Fig. 8 the relationship between J.C.H.A.M. smoke and photoelectric smoke 
values is given. To avoid the natural inverse relationship, values of 100 minus 
1.C.H.A.M. readings have been used. It will be observed that there is consid- 
erable spread of the data and this is particularly pronounced at high smoke 
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ee Fic. 9. Errect of CHANGE IN FUEL 


Fic. 8. SumMMARY OF Data SHOWING RATE ON RELATION BETWEEN 
RevaTion OF I.C.H.A.M. To Photo- 1.C.H.A.M. anv Photoelectric SMOKE 
electric SMOKE INDICATION INDICATION 


density values on the /.C.H.A.M. scale. This indicates that some smokes having 
high deposit forming tendencies are much more transparent than others. 

Only the data of Groups A and B are plotted in Fig. 9. Here the data do fall 
fairly distinctly into the same groups on the graph. For the forced draft, pot 
type burner, it appears that at low fuel rates, the smoke is less transparent for 
a given amount of deposit than at high fuel rates. This possibly indicates a 
higher degree of dispersion or a lower average particle size at the low fuel rates. 
Another explanation is that at high fuel rates, the particles are more adhesive 
and less carbonized, and hence have a greater tendency to deposit than particles 
produced at low fuel rates. Actually it seems probable that both factors are 
operating simultaneously. The changes in the stack temperature with changes 
in the fuel rate, as indicative of variations in combustion conditions, substantiate 
this idea. 

The important point to be drawn from Fig. 9 is that no reliable indication of 
the soot depositing tendency of a smoke may be drawn from the photoelectric 
reading. A wide variation in fuel rate at a given photoelectric smoke reading 
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may have as much effect on /.C.H.A.M. smoke as does a wide variation in 
photoelectric smoke at a constant fuel rate. 

The comparison of N.C.S. smoke values with /.C.H.A.M. smoke is shown in 
Fig. 10. The agreement here is much better and more nearly linear than the 
previous values. It will be observed, however, that an average line drawn 
through the plotted points will intercept the N.C.S. scale at one instead of zero. 
The N.C.S. filter spot tends to give visible readings even though the smoke 
particles have little tendency to deposit as shown by the /.C.H.A.M. test. It 
seems probable that a shift in this relative sensitivity at low smoke values could 
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be made by altering the time of exposure for the /.C.H.A.M. test or the size of 
the sample drawn in the N.C.S. test. If this were done, the two methods might 
be brought into sufficiently good agreement to establish a correlation or rough 
conversion factor between them. It should be remembered that all of these 
values were taken with smoke from a forced draft, pot type oil burner. Entirely 
different relationships might be obtained with coal- or wood-fired smoke or with 
other types of furnaces. 

The relation between photoelectric smoke and N.C.S. smoke values is shown 
in Fig. 11. The data fall on a more or less parabolic curve with the most severe 
scattering being noticed at the low smoke values. It will be observed that 
smokes giving quite distinct N.C.S. spots as high as four may show very low 
photoelectric smoke values. A few relatively large particles filtered out will 
give a heavy spot test, but since light is scattered more by numbers than size, the 
transmission will still be high. 


DISCUSSION ON THE MEASUREMENT OF SMOKE 123 


CoNCLUSIONS 


Each of the graphs just presented shows that several smoke samples, each of 
the same value by one method, may have a variety of values when measured 
by some other procedure. Conversely, smoke samples which appear distinctly 
different when measured by one procedure, say the N.C.S. method, may be 
indistinguishable by a procedure such as the photoelectric. 

It is, therefore, impossible to say that one method is better than the other. 
It can only be said that they are different. If no correlation exists when all 
measurements are made on fuel oil burned in a single furnace it is obvious that 
agreement could not possibly be expected with a variety of furnaces or different 
fuels. 

The conclusion must be drawn that each method measures different aspects 
of smoke and not smoke itself. The simultaneous use of several methods gives 
more complete information than any one alone can give. Use of several methods 
should aid in prediction of the effect of combustion conditions on the perform- 
ance of fuels. 
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DISCUSSION 


A, J. Jonson, Lansdowne, Pa. (WritTEN): Beatty and Deas have presented an 
outstanding evaluation of the several accepted methods of measuring smoke. Of 
the several such methods either suggested or proposed, the Ringelmann chart and the 
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Umbrascope are the only ones that are sufficiently portable for the necessarily quick 
and unannounced inspections of municipal authorities. Nevertheless, both are notor- 
iously inadequate for several reasons even aside from considerations of possible 
inaccuracy. 

The most important limitation of visual inspection of any type is that its use is 
restricted to daylight hours and clear weather thus leaving a city seeking cleanliness 
without any protection whatsoever for over half of the winter hours. Not only are 
these the very hours when the most fuel may be used but, in addition, many plants 
take advantage to perform soot burning and blowing operations at night. In fact, I 
well remember an experience as a young engineer in a city that is particularly boast- 
ful of its cleanliness and fuel restrictions. One of my duties was to return to the 
plant on one moonless night a month to supervise burning out the waste-heat boilers. 
I have often wondered whether nearby residents ever traced the source of the hunks 
of soot which they invariably found on their doorsteps in the morning. 

Even in the absence of any such premeditated increase in pollution at night, the 
firing rate of heating equipment is normally stepped up to several times its daytime 
rate near sunset. Smoke and fumes are thus materially increased at the very time 
when they cannot be checked by the legally defined method. This is particularly true 
in residential neighborhoods where smoke is the most objectionable. Industrial plants 
likewise become careless at night and usually have less experienced supervision. 

A further marked weakness of visual inspection is the prohibitive expense of 
attempting to place enough men in the field to effect anything but the spottiest kind 
of coverage. 

From the air pollution angle, the ideal solution would seem to be to require instal- 
lation of recording smoke meters of the best available type, possibly photoelectric, 
on all plants where the equipment, fuel, or combination of the two has been ruled a 
potential smoke producer. The resultant charts would then be subject to municipal 
inspection. The accuracy of quantitative measurements would not be too important 
as long as all plants in an area used meters of the same type so as to insure relative 
accuracy. 

In answer to the thought that the compulsory addition of recording smoke meters 
would involve prohibitive expense or inconvenience; this would be infinitely less of 
a hardship than the present tendency to force conversion to rather arbitrarily defined 
fuels and equipment. In fact plants would then have the option of installing city 
inspected recorders or of converting to combustion conditions considered adequately 
free from smoke potentialities. In most cases, the expense of such recorders could 
be justified by subsequent fuel savings. 

Such a plan would eliminate the present serious weakness of many present 
ordinances in that there would no longer be any need for exempting large, and 
frequently objectionable, utilities and mills on the ground that equipment for fuel 
change would be impossible or prohibitively expensive. Such plants would merely be 
required to install recorders and to be subject to their readings. 


P. R. AcnensacH, Washington, D. C. (WrittEN): The authors are to be compli- 
mented for an interesting and worthwhile comparison of the several methods of smoke 
measurement that are in current use. While the present study does not logically lead 
to a choice of one method as being superior to the others, it is to be hoped that further 
correlation of the smoke indications with other characteristics of the smoke would 
indicate the best method and lead to the establishment of limits of smoke production 
that would be related to the degree of nuisance involved. 

The first necessity in determining the characteristics of a fluid flowing through a 
pipe such as a smokepipe is that of obtaining a representative sample for analysis. 
Of the three methods discussed in this paper, the /.C.H.A.M. method is probably the 
one most to be questioned with respect to this requirement. 
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I would like to ask the author whether any study was made to determine if the 
glass rod collects proportionate amounts of all sizes of particles flowing through 
the smokepipe. In Fig. 3, Step 4, of the paper, was the flue gas flowing to the right 
or to the left? The smoke rod is located near a place where the smokepipe changes 
diameter which might cause eddying in the gas stream and affect the smoke deposit. 

Then, with regard to the N.C.S. method, human judgment is required in comparing 
the deposit with a standard spot. I believe, human judgment is not involved in the 
measurements of the deposits or the smoke in the other two methods. 

The nuisance characteristics of smoke depend primarily on its blackness when con- 
sidering the discoloration of interior furnishings, wearing apparel and merchandise or 
the discoloration of the exterior surfaces of buildings, although particle size determines 
how far it will be distributed from a given source. However, once the decision has 
been made to remove the smoke or reduce the amount of smoke by filtering methods, 
the mass of solid matter to be removed per unit volume of outdoor air and the distri- 
bution of particle size become more important than the color. Therefore, the heating 
and air conditioning engineer is primarily concerned with the properties of smoke that 
determine how readily it can be filtered from the air. 

The insulating effect of smoke or soot on the heat transfer surfaces in heating 
equipment is probably of greater importance in lowering the efficiency of furnaces 
and boilers than is the incomplete combustion loss sometimes associated with smoke 
and inadequate air supply. Studies carried out at the National Bureau of Standards 
several years ago showed that a layer of soot approximately 149 in. thick reduced the 
efficiency of an oil-fired boiler about 5 percent because of the insulating effect of the 
soot. The deposition of soot in a heating plant probably depends partly on the mass 
of soot per unit volume of gases, partly on particle size, possibly on the tarry charac- 
teristics of the soot, and perhaps other factors. 

If tests such as those summarized in Tables 1 and 2 in the present paper were 
carried out simultaneously with analyses of particle size, mass of solid matter per 
unit volume of gases, and volatile content of the soot, some correlation between these 
physical characteristics and the smoke measurements obtained by the three methods 
used might be revealed that would show one of the methods of measurement to be 
better than the others. Some relationship between the tendency of soot to deposit 
on heating surfaces and the physical characteristics of the soot might also be dis- 
covered along with a good index for measuring this tendency. It is noted in Table 2 
that for the Group A tests the smoke index values were from 12 to 17 times as great 
for some tests as for others using about the same fuel rate. Somewhat similar results 
are shown for Group B and Group C tests. Can these variations be attributed to 
differences in draft level or to some other conditions of the tests? 

This investigation presents a much needed comparison between the several smoke- 
indicating methods and points the way to further research on this subject that is of 
importance to every city and every heating and air conditioning engineer. 


H. G. Dyxtor, Cleveland, Ohio (WritteN): I commend Professor Beatty on 
this excellent paper and on his realistic conclusions. Measurement of emitted smoke 
is the main interest of an official enforcement agency engaged in the reduction of air 
pollution to a tolerable level rather than in the other phases discussed by Professor 
Beatty. The measurements of deposit of soot in flues and stacks and of the efficiency 
of combustion of fuel are of subordinate interest in that they affect indirectly the 
emission rates of smoke and fly ash. Because of long usage, this city has adopted 
the Ringelmann chart as a measure of smoke emission, and it, works out satisfactorily 
from our particular angle in spite of its many shortcomings. It is only when violations 
occur that our staff investigates the fuel, the equipment, and the operation because it 
is obvious then that one of these three factors is unsatisfactory. 

I agree with Professor Beatty that no matter which method is used for measuring 
smoke, results are reported in arbitrary units so that they are valid only for compara- 
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tive purposes and do not define either the quantity of material emitted nor the damage 
done by that material. Much more work remains to be done in this respect. In the 
meantime, through education (at both the manufacturing and operating levels) and 
annual inspection by competent inspectors, the problems of proper combustion are 
being solved, one by one. 


R. C. Cross, Chicago, Ill.: The matter of smoke measurement is a very complex 
one, but I think: the work done by the author is rather helpful to those engaged in the 
laboratory phases of such work. 

I recall doing some work of a similar nature several years ago with the photo- 
electric method. At that time we were trying to correlate it with some field work 
which was to be done, and we attempted to plot our readings against the Ringelmann 
chart. It is interesting to note that we, too, obtained a shotgun pattern similar to the 
authors’ graphs. Even so, we were able to draw a reasonable correlated curve between 
the two methods. 

I think it would be most interesting if the results that the author obtained could be 
compared to the Ringelmann method, because, despite its very obvious shortcomings, 
some of which have been mentioned by previous commentators, it does remain the 
method on which most smoke regulatory bodies base their opinions. 


E. K. Campsett, Kansas City, Mo.: The difficulties set out by the author were 
presented to a committee of engineers composed of members of the Kansas City 
Chapter attempting to guide the authorities in Kansas City to a better smoke ordi- 
nance. They adopted some of our ideas resulting in some improvement. 

However, when we attempted to write into the ordinance specifications regarding 
the fly ash or dust that is carried out with the smoke, there was no information that 
was worth anything from a practical standpoint. One of the members of the committee 
represented a firm that sold a dust collector to one of the power plants there. The 
contract for the installation of this dust collector required them to put on a test to 
demonstrate the efficiency of the dust collector. They figured $1,000 for the cost of 
that test. 

Municipal authorities obviously cannot make tests of that sort, but from the stand- 
point of the protection of the public we all agreed that the matter of the fly ash, in 
communities where large amounts of soft coal are burned, is probably more important 
than the visible smoke, but so far there has been no standard test available. We had 
all the information at the hands of the 4A.S.M.E. Smoke Committee and there was 
nothing that could be set up. So we were forced to use the nuisance value of the dust 
which is scattered over the areas surrounding the different plants as the criterion for 
setting up rules. 


G. V. Pare ee, Cleveland, Ohio: Professor Beatty has shown in his paper that 
he has had some of the same difficulties which we have had at the A.S.H.V.E. Re- 
search Laboratory in smoke measurements. In addition to those problems which he 
has discussed, we have found that the fuel itself has a bearing on the smoke measure- 
ment. This is Fig. 5 from the A.S.H.V.E. Research paper, Smoke Measurement in 
a Fuel Oil Test Unit, which is being presented at this session by title only. It shows 
the results of tests on three different fuel oils in which two methods of evaluating 
smoke density were used. One is the photoelectric method, which is plotted as ordinate 
in the figure. The ordinate is the reduction in the microampere output of the photo- 
electric cell. The abscissa gives smoke density in terms of the reflectance of filter 
paper through which the smoke sample has been passed. You will see that for a given 
smoke spot reflectance, say of 20, there is quite a range in the microampere output of 
the photoelectric cell. Conversely, for a given microampere reduction in output there is 
i sizeable variation in the reflectance of the filter paper. This appears to be due to 
particle size distribution and the number of particles. The figure shows that this is 
just one more matter that has to be taken into consideration. 
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I would like to ask Professor Beatty if he experienced any difficulty in obtaining 
steady output from his photoelectric cell. We had trouble so that in our final tests, 
we used the reflectance method for obtaining smoke density. Reflectances were 
evaluated by a photoelectric reflectance meter. 


M. F. Dixon, Toronto, Ont., Can.: I would like to ask Professor Beatty one or two 
questions concerning the measurement or the evaluation of white smoke. I would 
imagine that in the testing he did in a pot-type burner with just gravity air he 
probably did not produce any white smoke, but what I am referring to is the type of 
white smoke that you have with a very great quantity of excess air. 

I must say I know personally very little about it except I have often seen it. I am 
wondering in the case of white smoke—I imagine you would get very low photoelectric 
cell readings, but if you actually test that white smoke by collecting it on a filter pad 
do you have a combination of excess air and also incomplete combustion, and is there 
considerable sediment in it? 


Avutuors’ CLosure: The authors wish to thank the discussers for their discussions 
and additions to this paper. I should like first to answer some of the more specific 
questions raised, and then to comment generally on the question raised by several 
as to the relationship between smoke measurement values and smoke nuisance. 

Mr. Achenbach raises the important question of whether each smoke measurement 
method used takes a representative sample. The answer is, probably no, but since 
the same setups were used for all tests reported, the relative values are certainly 
comparable. With regard to the wide variation in smoke values listed in Table 2, it 
should be pointed out these were obtained deliberately and reflect variations in air 
rate, fuel rate, and fuel composition. 

Mr. Dixon asks about evaluation of white smoke. In general a smoke is white 
because of fine particle size. Such a smoke is relatively opaque and hence will give 
high photoelectric smoke values. On the other hand, it may be difficult to remove by 
filtration or deposition and hence may give low values by such methods as the 
1.C.H.A.M. or N.C.S. 

Mr. Parmelee asks about our experience with constancy of photoelectric readings. 
In the tests reported, we had no trouble. Recently we moved the equipment and in- 
stalled the stack vertically instead of at the 60 deg angle previously used. This new 
setup did give some trouble due to settling of soot onto the lenses. It seems possible 
to me that the trouble Mr. Parmelee reports may have been due to the use of a 
horizontal stack in his work. Our observations agree with Mr. Parmelee’s on the 
effect of fuel composition as an important variable. Our results on a wide variety 
of furnace oils have not yet revealed any way in which to predict these from any other 
known properties of the oils. 

Most of those commenting on this paper have expressed interest on possible relation- 
ship between smoke as measured by one of these three methods and smoke nuisance in 
a city. It was pointed out by Mr. Campbell and by Mr. Johnson that fly ash and the 
tendency of soot to settle are important factors. It is our opinion that these factors 
would not be adequately determined by any of the three methods we used, nor by the 
Ringelmann method. 

Possible relationships between Ringelmann method and photoelectric, N.C.S. or 
I.C.H.A.M. smoke do not appear promising. Ringelmann smoke is measured outside 
the stack after the gas is cooled and has been partially mixed with outside air. Con- 
sequently identical smokes within the chimney may give widely different Ringelmann 
values due to atmospheric conditions. The presence of large amounts of water vapor 
in the stack gases will increase smoke density on cloudy, cold, damp days and have 
much less effect on hot, clear, dry days. 

The relationship of smoke to smog appears to be related to the presence of trans- 
parent gases such as sulfur dioxide, as well as to particles of soot, fly ash, or other 
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fumes. It thus appears to the authors that intelligent smoke regulation must be 
preceded by careful stipulation of the objectionable characteristics of smoke, as for 
example its light obscuring characteristics, its tendency to settle and deposit, and its 
chemical composition. When these characteristics have been specified, the appropriate 
method for measuring these can be selected. There seems to be no reason for believing 
that any single smoke measurement method will ever evaluate all the objectionable 
characteristics of smoke in their proper relationship. 
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gor acetal methods of producing gasoline from crude oil have markedly 
affected the chemical composition and physical structure of those by-products 
which remain for use as fuel in oil burners. This is particularly true of the 
lighter portions which are used in domestic heating units. Whereas some years 
ago oil burner fuels were the product of straight-run distillation or thermal 
cracking processes, present-day fuels may contain or consist entirely of products 
from catalytic cracking plants. Experience has shown that such fuels may have 
different burning properties than fuels from a straight-run distillation process 
although both may possess physical properties that place them in the same classi- 
fication. 

To permit the proper selection of fuel for the thousands of oil burners now 
in use, some method of determining the burning charcteristics of fuel oil is 
needed. One method which has been proposed for obtaining these characteristics 
for various oils is to study their combustion in a test unit which closely simulates 
typical field conditions and to compare the oils on the basis of their observed 
burning performance. The test unit referred to in this paper is a pressure 
atomizing type unit designed by the Oil-Heat Institute of America, Inc., through 
whose Engineering Committee arrangements were made in 1947 with the Com- 
mittee on Research of THE AMERICAN Society OF HEATING AND VENTILATING 
ENGINEERS for conducting a series of investigations. 

A preliminary field investigation was made in December 1947 for the purpose 
of determining, in a general way, whether the test unit could be used to differen- 
tiate between various fuel oils. The principle criterion of fuel performance was 
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considered to be the smoke production with respect to excess air supplied. The 
field observations made showed that the unit had definite possibilities but that 
improvements in instrumentation and techniques were required if it were to be 
used as a means of rating fuel oils. Two extensive series of tests were therefore 
made during 1948 and 1949 at the A.S.H.V.E. Research Laboratory in Cleveland. 
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Fic. 1. ScHEMaTIC ELEVATION oF Test UNIT 


This paper and a companion paper summarize the investigations and tests 
mentioned. The scope of this paper is confined to the methods of smoke measure- 
ment used with the unit, while the second paper! describes the performance of 
the unit and several different fuel oils which were burned in it. 


DESCRIPTION OF TeEsT UNIT 


Fig. 1 shows a schematic diagram of the unit and a portion of its instrumenta- 
tion. The engineering staff of the A.S.H.V.E. Research Laboratory made 


1 Exponent numerals refer to References. 
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certain changes during the course of this study and completed most of the 
instrumentation. A photograph of the unit as set up for the second series of 
tests is shown in Fig. 2. 

Basically the unit consists of a pressure-atomizing-type burner firing axially 
into a cylindrical water-jacketed combustion chamber, a portion of which is 
lined with refractory material as shown. The nozzle has a nominal capacity of 
1 gph and produces a hollow-cone spray. Flame length was determined by 
noting the position of the movable water-cooled baffle at which the flame tips 
just reached the plane of the baffle surface. Air supply and combustion chamber 
draft were controlled by adjusting (1) the cold air inlet damper located in the 


Fic. 2. Tue Compustion Test Unit Durinc TEstTs 


outlet of the smoke observation tube, (2) the butterfly damper in the exhaust 
flue, and (3) the iris type air supply shutter. 


METHODS OF SMOKE MEASUREMENT 


Investigators have used many different techniques for smoke measurement, 
both qualitatively and quantitatively, in considering combustion efficiency and 
atmospheric pollution. These techniques may be classified as follows: 


1. Visual shade comparison of smoke issuing from a stack. 


2. Transmission of radiant energy. 


A. Radiant Source C. Measurement 
a. Chromatic ' a. Photoelectric effect 
b. Monochromatic b. Thermal-electric effect (bolometric) 
B. Transmission D. Sampling 
a. Direct a. Measurement in stack on effluent gases 
b. Reflection b. Measurement on sample withdrawn from stack 
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3. Deposit 
A. Collection B. Evaluation 
a. Filtration a. Weight 
b. Sedimentation b. Chemical analysis 
c. Impingement c. Light transmission 
d. Inertial and centrifugal d. Light reflectance 
e. Washing e. Microscopic particle size 
f. Precipitation: (a) thermal count 
(b) electrostatic f. Visual shade comparison 
light shield 4 lamp for visual 
giees exhoust observation from bleed holes 
photo-cell | 
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Fic. 3. ScHemMatic DIAGRAM OF SMOKE MEASURING EQUIPMENT FOR TEST 
UnItT 


These techniques are discussed in articles which are listed chronologically in 
the Bibliography. 


Metuops Usep 


Direct Light Transmission Measurement in Stack 


The unit, as originally designed, incorporated a smoke indicating device 
patterned after that used by the Underwriters Laboratories, Inc.2, A photronic 
cell indicated the reduction, due to smoke, of chromatic light transmission 
through a horizontal breeching 5 ft long, as shown in Fig. 3. 

A 100-watt projection lamp and a photronic cell were mounted at opposite 
ends of the breeching behind protective glass slides. Difficulties in keeping these 
glasses free of soot prompted the addition of 9-in. extensions of 2-in. copper 
tubing between the breeching and glasses. Holes drilled in these extensions 
permitted air to be bled into the system for the purpose of clearing the tube of 
eddying smoke and keeping the photocell cool. The system was zeroed with a 
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clear but hot stack by adjusting the lamp voltage so that the output of the 
photronic cell was 8.0 microamperes. The light absoption due to smoke and flue 
gases in the breeching during operation was indicated by the reduction in the 
photronic cell output. 

Experience in the first series of tests showed that this method of measurement 
lacked the desired stability and sensitivity at light smoke densities. A supple- 
mentary smoke indicating device was therefore investigated for the second series 
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of tests in order to improve reproducibility and range; these characteristics 
were achieved by the choice of the filtration method. 


Filtration Method 


In this method of smoke indication, a cooled sample of flue gas was drawn 
through a filter paper for one-minute period and the deposition of soot particles 
on the filter paper evaluated as an indication of the smoke. This system is schemat- 
ically shown in Fig. 3. A spring loaded relief valve maintained the pressure 
differential across the filter paper constant at an indicated suction pressure of 
2% in. Hg. The resistance of the No. 4 Whatman filter paper used was such 
that the spot area of 0.216 sq in. would pass approximately 10,000 cc of gas 
sample per minute at this differential pressure. 
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In the second series of tests the smoke spot obtained on the filter paper was 
evaluated by visual comparison with a 9-shade Bacharach-Shell scale. This 
procedure had certain shortcomings for the purpose of these tests because of the 
varying effects of particle size, color, light transmission, surface properties, and 
the human error in judgment. The lack of uniformity of different shade scales 
also made it difficult to compare results for smoke spots which have been evalu- 
ated by different scales. It was therefore decided to use photometric means of 
evaluating the smoke spots for the third series of tests; the light reflectance of 
the filter smoke spots was measured by a photoelectric reflection meter, with 
a green filter 3. 

The reflectances of three arbitrary standards were determined by using the 
absolute reflectance of a block of magnesium carbonate as reference. In evalu- 
ating smoke spots the reflection meter scale was adjusted with these standards 
to read percent absolute reflectance directly. The absolute reflectance of a clean 
portion of each filter was determined in order that the reflectance of the smoke 
spot could be expressed relative to that of the clean filter paper. Percent relative 
reflectance is then the percent absolute reflectance of the smoke spot expressed 
as a percentage of the percent absolute reflectance of the clean filter paper. 

Fig. 4 shows the relationship obtained between smoke spot reflectance and 
the Bacharach-Shell visual shade scale.* Reflectance readings of a given surface 
were considered reproducible to + 0.2 percent absolute reflectance; therefore 
differences in readings of smoke spots taken under the same conditions were due 
to factors other than the reflectance measurement, such as unsteady combustion 
and nonuniform sampling. Variations from the averaged smoke spot evaluations 
at a given setting were generally within + 2 percent relative reflectance for the 
lighter oils investigated and within + 5 percent for the heavier oils.? 


Characteristics of Light Transmission and Filtration Methods 


The optical density of smoke indicated by the light transmission method is 
given by the expression # 


where 
D = optical density indicated 
I, = intensity of incident light 
I = intensity of transmitted light 


Beer’s law for light absorption is 


where 


e = base of natural logarithms 
k = a constant 
nm = concentration of smoke in particles per unit volume of gas 
L = length of the smoke column 
d = mean diameter of the particles 
Combining Equations 1 and 2 gives 
For a given smoke meter the optical density indicated becomes 


* The Bacharach-Shell scale has been defined as a linear relationship with zero and ten smoke 
number corresponding respectively to 100 and zero percent relative reflectance. 


D = logiolo/I @ ¢ 
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Thus smoke measurement by light transmission methods is affected by both 
concentration and mean size of smoke particles. 

In the operation of the unit it was found that the relation between the light 
transmission and the filtration methods was not well defined due to scatter of 
data; it was apparent, however, that the relation for each oil was different. 
Smoke data by the two methods are shown in Fig. 5 for three representative 
oils. It is seen that the light transmission method which was used was not 
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Fic. 5. RELATION oF SMOKE MEASURE- 
MENT BY LIGHT TRANSMISSION AND 
FILTRATION METHODS 


successful in detecting light smoke, although it is recognized that an improve- 
ment might be made by refinement of the photronic circuit. 

By simultaneously taking filter paper smoke spots and sighting through the 
breeching from locaiion B of Fig. 3, with illumination from the upper lamp, it 
was observed that smoke spot reflectances corresponding to the just visible 
smoke were quite different for different oils. This was believed due to differences 
in particle sizes of the smoke. A portion of this effect could be attributed to 
sampling characteristics of the filtration system. 

The efficiency of sampling was not investigated in detail; however, certain 
factors are recognized which may have an effect upon sampling. In order to 
maintain the simplicity of the smoke indicating methods for field use, the smoke 
sampling tube was inserted into the stack as indicated in Fig. 3 and the sample 
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was drawn at right angles to the flue gas flow. Variations in the particle size 
of the smoke, and variations in stack velocity, could conceivably affect the 
results when sampling in this way. The mean gas velocity in the sampling tube 
was roughly half that in the stack, though it has been shown 5-6 for sampling 
tubes directed upstream that the sampling velocity must be equal to the stack 
velocity in order to insure a representative sample. When the filtration method 
was used with very dense smoke it was necessary between readings to purge 
the sampling system of residual soot by drawing a sample of room air through 
it at high velocity. 

It was evident by inspecting filter smoke spots that the particle sizes of the 
soot deposit were greater for heavier oils than for the lighter oils. The photo- 
metric reflectance evaluation of the spots did not completely obviate particle size 
effects since an identical reflectance reading could be obtained for a large con- 
centration of small particles or a lower concentration of larger particles. Such 
a characteristic is also inherent in the direct light transmission method. Particle 
size and shape may haye a practical bearing upon aerodynamic suspension of 
particles in the gas stream, and therefore upon soot deposit on various surfaces. 

One feature of the filtration method which was considered desirable for this 
investigation was the integration of the smoke over a period of time. Although 
tests were made under steady combustion conditions there were times when 
intermittent, and sometimes audible, pulsations made readings difficult by the 
light transmission method. The instantaneous feature of the latter method, 
however, makes it valuable in certain applications. 

In a recent paper * reporting the simultaneous measurement of smoke by three 
methods, the JCHAM deposit, direct light transmission, and filtration, it was 
concluded that all of these are indicative of different aspects of smoke, such as 
gumminess and particle size, rather than the smoke quantity itself; thus the 
methods cannot be directly correlated for different conditions. 

Methods of smoke measurement should be investigated in order to determine 
their relation to a weight concentration evaluation. In addition to weight of 
smoke production, it may be important to consider other aspects of the smoke 
and their effects upon combustion efficiency, heat transfer, and sooting of flue 
passages. 


CoNCLUSIONS 


1. Smoke indication by the filtration and light transmission methods did not bear a 
consistent relationship. 


2. Of the two techniques used, the filtration method, with evaluation by photometric 
reflectance, was the most suitable for use with the test unit. This choice was due to 
the following considerations : 

a. This method possessed greater sensitivity and range in the region of light 
smoke. 

b. A consistent relation was established between visual and photometric reflectance 
evaluation of filter smoke spots. 


3. Further investigation is required on the effects of different sampling techniques. 


4. Various aspects of the smoke production which are indicated by different methods 
should be investigated in relation to weight concentration of smoke and their effects 
upon appliance performance. 


a 


SMOKE MEASUREMENT IN A FuEL Om TEst UNIT, By LOCKLIN AND PARMELEE 137 


ACKNOWLEDGMENT 


The authors acknowledge with thanks the cooperation and suggestions re- 
ceived from their colleagues of the A.S.H.V.E. Research Laboratory staff and 
members of the Engineering Committee of the Oil-Heat Institute of America, 
Inc. 


REFERENCES 


1, A.S.H.V.E. ResearcH Report No. 1413—Rating of Fuel Oils by a Test Unit, 
by David W. Locklin and George V. Parmelee (See p. 139). 

2. Smoke Detection System for Testing Oil Burners (Underwriters Laboratories, 
Inc., Subject 296, March 1934). 

3. Report of Investigation of Methods of Measuring Smoke Spot Color Density 
from Bacharach-Shell Smoke Meter, by G. R. Gardner (Private communication ). 

4. Requirements of a Smokemeter, by K. M. Brown (S.A.E. Transactions, Vol. 48, 
May 1941, pp. 188-192). 

5. Sampling of Industrial Stacks and Effluents for Atmospheric Pollution Control, 
by L. Silverman (Proceedings of the First National Air Pollution Symposium, 
Pasadena, Calif., November 10 and 11, 1949, pp. 55-60). 

6. Resumé of Methods for Measuring Flue Dust, by P. H. Hardie (4.S.M.E. 
Transactions, Vol. 59, 1937, p. 355). 

7. The Measurement of Smoke, by K. O. Beatty, Jr., and J. E. Deas, Jr. (See p. 
107). 


BIBLIOGRAPHY 


A Recording Dust Concentration Meter and Its Application to the Blast Furnace, 
by A. W. Simon, L. C. Kron, C. H. Watson, and H. Raymond (Review of Scientific 
Instruments, February 1931, pp. 67-83). 

The Relation Between the Obscuring Power and Particle Number and Size of 
Screening Smokes, by P. D. Watson and A. L. Kibler (Journal of Physical Chemis- 
try, 1931, pp. 1074-90). 

The Measurement of Smoke, by J. F. Shaw (Journal of the Institute of Fuel, 
February 1932, pp. 167-175). 

Ringelmann Smoke Chart, by Rudolf Kudlich (U. S. Bureau of Mines Information 
Circular 6888, June 1936). 

Inadequacy of the Ringelmann Chart, by L. S. Marks (Mechanical Engineering, 
1937, pp. 681-85). 

A Method of Maintaining Transparency in Glass Observation Windows, by C. W. 
Ockelford (Journal of Scientific Instruments, 1938, p. 190). 

Smoke-Density Measurements, by H. E. Bumgardner (Mechanical Engineering, 
1938, pp. 610-12). 

Rating Oil Engines on Smoke Measurement, by P. H. Schweitzer (Diesel Power, 
June 1939, p. 506). 

The Control of Smoke in the Automotive Diesel, by W. W. Manville, G. H. Cloud, 
A. J. Blackwood ,and W. J. Sweeney (S.A.E. Transactions, No. 3, 1940, p. 397). 

The Measurement of Smoke Density—A New Type of Kapnometer, by J. S. Hales 
(Fuel, 1940, p. 231). z 

Methods for Determining Particle Size Distribution, by H. E. Schweyer and L. T. 
Work (A4.S.T.M. Symposium on New Method for Particle Size Determination in the 
Sub-sieve Range, Washington, D. C., March 4, 1941, pp. 1-23). 

The Improved Pennsylvania State Smoke Meter, by P. H. Schweitzer (Jnstruments, 
September 1942, pp. 346-350). 


= 
te 


138 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


A.S.H.V.E. Researcu Report No. 1249—Discoloration Methods of Rating Air 
Filters, by F. B. Rowley and R. C. Jordan (A.S.H.V.E. Transactions, 1944, pp. 
173-196). 

Smoke-Dust Density Measurement at Conners Creek Power House, by H. E. 
Bumgardner (Combustion, May 1945, pp. 34-37). 

Smoke Density Determinations (4.5.M.E., Power Test Codes, Supplement on 
Instruments and Apparatus, Part 20, October 1945). 

Warm-Air Furnaces Equipped with Vaporizing Pot-Type Oil Burners, Second 
Edition (National Bureau of Standards Commercial Standard CS 104-46, February 
12, 1946). 

The Tendency to Smoke of Organic Substances on Burning, by A. E. Clarke, T. G. 
Hunter and F. H. Gamer (Journal of the Institute of Petroleum, October 1946, pp. 
627-642). 

Smoke Production and Burning Characteristics of Hydrocarbon Gels, by F. H. 
Gamer, T. G. Hunter and A. E. Clarke (Journal of the Institute of Petroleum, 
October 1946, pp. 643-655). 

Terminal Velocity as the Measure of Dust Particle Characteristics, by R. B. Foley 
(A.S.M.E. Transactions, February 1947, pp. 101-108). 

Micrometrics: The Technology of Fine Particles, by J. M. Dallavalle (Pitman 
Publishing Corp., New York, 2nd Edition, 1948). 

Principles and Construction of Smoke Density Recorder Used at Battelle (Battelle 
Memorial Institute, May 7, 1948, unpublished). 

Smoke, by W. T. Cosby (The British Coal Utilization Research Association Month- 
ly Bulletin, No. 7, July 1949, pp. 225-231). 

A Thermal Precipitator for the Gravimetric Estimation of Solid Particles in Flue 
Gases, by J. Bredl and T. W. Grieve (The British Coal Utilization Research Associ- 
ation Information Circular No. 18, Document No. C/4359, October 1949). 

Determinations of Concentration and Size of Particulate Matter by Light Scattering 
and Sonic Techniques, by F. T. Gucker, Jr. (Procecdings of the First National Air 
Pollution Symposium, Pasadena, California, November 10 and 11, 1949, pp. 14-25). 

Some Techniques for Sampling and Identifying Particulate Matter in the Air, by 
W. D. Crozier and B. K. Seely (Proceedings of the First National Air Pollution 
Symposium, Pasadena, California, November 10 and 11, 1949, pp. 45-49). 

Smoke Rating Analysis—Effects of Smoking on Domestic Oilburner Efficiency, by 
Charles H. Burkhardt and Rudolf Ulrich (Fueloil and Oil Heat, February 1949, p. 
50). 

Measuring Smoke Density, by P. S. Dickey (Electronics, No. 4, 1950, p. 93). 

A Recording Optical Density Smoke Meter for Use in Connection with Domestic 
Appliances, by J. Bredl and K. J. Marsden (The British Coal Utilization Research 
Association Information Circular No. 29, May 1950). 

Applications of a Portable Continuous Smoke Recorder, by E. K. Von Brand 
(Mechanical Engineering, June 1950, pp. 479-481). 


No. 1413 


RATING OF FUEL OILS BY A TEST UNIT 


By D. W. Lockiin* anp G. V. PARMELEE**, CLEVELAND, OHIO 


This paper is the result of research carried on by THE AMERICAN 

SOCIETY OF HEATING AND VENTILATING ENGINEERS, in co- 

operation with the Oj#/-Heat Institute of America, Inc., at the 

A.S.H.V.E. Research Laboratory, located at 7218 Euclid Avenue, 
Cleveland 3, Ohio. 


PROPOSED method of measuring the burning characteristics of fuel oils 

is to study their combustion in a test unit which closely simulates typical 
field conditions and to compare oils on the basis of their observed burning per- 
formance. A test unit designed and constructed for this purpose by the Oil-Heat 
Institute of America, Inc., was studied by the A.S.H.V.E. Research Laboratory 
and is the subject of this paper. A previous paper! described the methods used 
in determining smoke density of the combustion products. This paper describes 
briefly the unit, the standardized test procedure used, and the results of tests 
on six different oils. The‘oils are rated on the basis of their smoking tendencies 
at given rates of air supply. The ability to obtain reproducible results by means 
of the test unit was determined and the influence of certain operating conditions 
on the burning qualities of a given fuel was investigated. A long range view of 
the uses of this unit includes the establishing of a simple test or index which can 
be used in the field to determine the burning quality of fuel oils. 


DeEscRIPTION OF TEsT UNIT 


Fig. 1 shows a schematic diagram of the unit and a portion of its instrumenta- 
tion. The A.S.H.V.E. Research Laboratory engineering staff made certain 
changes during the course of this study and completed most of the instrumenta- 
tion. Fig. 2 shows a view of the unit and test equipment. 

Basically, the unit consists of a pressure atomizing type burner firing axially 
into a cylindrical water jacketed combustion chamber, a portion of which is 
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lined with refractory material as shown. The nozzle has a nominal capacity of 
1 gph and produces a hollow-cone spray. Flame length was determined by ad- 
justing the movable water-cooled baffle and noting the position at which the 
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Fic. 1. Scuematic ELEvATION oF Test UNIT 
flame tips just reached the baffle surface. Air supply and combustion chamber 
draft were controlled by adjusting (1) the cold air inlet damper located in the 


stack, (2) the butterfly damper in the stack, and (3) the iris type air supply 
shutter. 


Test PROCEDURE 


Oils Tested: To study the performance of the unit, tests were made on six 
different fuel oils which were known from field experience to have different 
burning characteristics. The properties of these oils, designated alphabetically, 
are shown in Table 1; the latest Commercial Standard specifications ? are also 
given for comparison. 


_ 
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STANDARD TEsT CONDITIONS 


Since the purpose of the test unit was to rate oils with regard to their burning 
characteristics, it was necessary that all oils be tested under identical conditions. 
It was found impossible, however, to meet this requirement with respect to con- 
stant weight rate of oil flow through the nozzle without changing the oil line 
pressure. An effort to compensate for differences due to density and viscosity 
by supplying the oil at different temperatures was unsuccessful. Hence the fol- 


Fic. 2. Tue Test Unit Durine TEsts 


lowing test conditions, hereafter referred to as standard conditions, should not 
be regarded as indicating identical combustion conditions : 


Oil delivery pressure: Combustion chamber draft : 
100 psig + 1 psig 0.020 in. water + 0.002 in. 
Air metering orifice: 


Oil supply tank temperature: 


110 F + 2 de se 
s Baffle position: Fully retracted, except 
Cooling water discharge temperature : when measuring flame length 
145 F + 5 deg Ignition: On 


The indicated temperatures were chosen primarily because good control was 
obtainable at these levels. A warm-up time of approximately one hour was 
allowed before data were taken, since preliminary investigation showed that this 
time was required to reach equilibrium. 

The performance of each of the six oils was first investigated under standard 
conditions of operation by at least a dozen tests in which the air supply was 
varied in steps over the range of about 8 to 15 percent CO,. These tests are 
designated as original tests. Check tests over the same range were later made to 
investigate reproducibility. Tests were then made to determine the effect on 
fuel rating of different conditions of ignition, turbulence, and oil supply pressure. 
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Test RESULTS 


In the absence of any primary standard of combustion, the value of the test 
unit must be judged by its ability to give reproducible results in the measurement 
of the combustion characteristics of fuel oils, the performance of which is al- 
ready known in a qualitative way. Measured combustion characteristics are 
discussed first. In this regard it should be noted that, except for starting and 
shutdown tests, each value of smoke spot reflectance plotted in this paper is 
an average of reflectance measurements of four separate filter smoke spots. Each 


TABLE 1—PROPERTIES OF THE FueL O1Ls INVESTIGATED 


CommerciaL Stanparpsb 
Fue. Om A B Cc D E F No.1 No.2 
Max | Min | Max | Min 
A.P.I. Gravity.......] 39.4 27.5 22.6 43.4) 34.0) 25.9)]) — 35 26 
Flash Point, deg F....| 146 200 174 134 | 176 176 — | 100 _ 100 
Viscosity at 100 F 
33.0 34.1 33.1° | 36.5) 35.0} 35.0 |) 33.395) — 40 
Centistokes........ 2.15); — 2.2 1.4 43%) — 
Distillation, deg F 
340 474 378 350 | 368 | 418 
395 511 416 374 | 433 | 454 420 — |440 
446 548 480 425" | 500* | 500 
560 609 548 474 | 582 | 567 — |675 
616 662 610 518 | 630 | 640 || 625 
Pour Point, deg F....| -20 0 -5 | -20 0 — | 20 
0.588 0.88 0.275 0.11 |0.25 |0.36 0.5 1.0 
Water and Sediment, 
Nil | 0.1 Trace | Nil | Trace} — || Trace} — — 
Carbon Residue, % at 
10% bottoms... . . . |0.036 0.16 0.44 0.207 | 0.092 | 0.004 || 0.15 — 0.35 es 
Srraignt| Cat THERM 
Rerinine Process Run | Cracxep|Crackep| UNKNowN BLENDS Nor Specirizp 


a Estimated values 
b Specifications from Commercial Standard CS 12-48: Ref. 2. 


corresponds to a CO, determination by an Orsat apparatus made on two succes- 
sive gas samples. If the CO, determinations failed to check, the test was 
repeated. 

Smoke data are plotted against CO, for oils A and B in Figs. 3 and 4, respec- 
tively; the solid curves are representative of data obtained under the standard 
conditions of operation. The ordinate scales in these and subsequent figures have 
been plotted to indicate increasing smoke in a vertical direction. Each of the 
other oils yielded similar curves. Except for oils B and E there was no marked 
accumulation of soot in the combustion chamber. In the case of these two oils, 
a heavy deposit of feathery soot on the refractory occurred above approximately 
12.5 percent CO, for oil B and about 13.5 percent CO, for oil E. An increase in 
smoke was exhibited by oil B at the higher air supply rates as illustrated in 
Fig. 4 by the probable trend of the curve for standard conditions. 

The results shown by the solid line curves of Figs. 3 and 4 have been replotted 
in Fig. 5 to summarize the relative smoking tendencies of the six oils tested. 
All curves except 1 and 2 are for the standard conditions. 
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CO, in Percent of Ultimate COz: Fig. 5 differs from Figs. 3 and 4 in that 
the abscissa is CO, expressed as a percentage of the ultimate CO,. The ultimate 
CO, for each oil was derived from gas analyses by plotting values of percent 
O. vs. COs and extrapolating this straight line to zero Oj. Hydrogen-carbon 
ratios were determined by their relation to the ultimate COp. 

By considering smoke density with respect to CO, expressed as percent of 
ultimate CQ», oils having different hydrogen-carbon ratios can be compared in 
relation to their actual air requirements. The relation of this concept to the 
familiar scale of percent excess air also is shown in Fig. 5 for convenience in 
comparison. Although this relationship theoretically depends to a small extent 
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upon the hydrogen-carbon ratio, the range of this ratio for the oils investigated 
has negligible effect. Use of the concept of CO» in percent of ultimate CO» has 
the advantages of spreading the scale in the lower range of excess air, resulting 
in clearer presentation, and of comparing oils relative to their performance with 
perfect combustion. 

Increased Delivery Pressure: Delivery rates of oils B, C, E, and F when 
fired at the standard conditions of operation varied less than 5 percent on a 
weight basis, although slight variations were observed with respect to time 
and air supply rate. The respective delivery rates for oils A and D at standard 
conditions were about 6 and 10 percent below the average for the other oils. 
In order to investigate the relative performance of all oils at similar firing rates, 
some tests were made with oils A and D fired at higher delivery pressures. 

It was possible to increase the firing rates of oils A and D to the level of the 
other oils by increasing the pressure from 100 to 116 and 123 psig, respectively. 
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Data obtained with these delivery pressures, other conditions remaining standard, 
are plotted in Fig. 3 for oil A and are shown as dashed curves in Fig. 5 for 
both oils A and D; it may be seen that a material decrease in smoke production 
accompanied the increase in delivery pressure. Stack temperatures were in- 
creased about 40 F by the higher delivery pressures. (Indicated stack tempera- 
tures for tests at standard conditions varied from 850 to 950 F, depending upon 
the excess air supplied.) 

For the different oils investigated it was found that the effects of delivery 
temperatures and pressure on nozzle delivery rate could be approximated by 
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considering the weight rate of oil flow to be proportional to the square root of 
the product of density and delivery pressure. 

Flame Length: The flame lengths for the various oils were closely related 
to their smoking tendencies. Fig. 6 shows summary curves of flame length vs. 
percent excess air for the standard conditions of operation. The flame length 
at constant values of excess air and the smoke corresponding to a constant flame 
length are shown in Table 2, tabulated in order of decreasing A.P.1.¢ gravity 
for the six oils. 

When oil D was fired at 123 psig the relationship of flame length and excess 
air became practically identical to that of oil E fired at 100 psig; no appreciable 


change in flame length characteristic was obtained when the firing pressure of © 


oil A was increased from 100 to 116 psig. The flame length data of the various 
oils should not be considered as wholly indicative of their relative burning 
qualities since variable characteristics of ignition, atomization, and mixing may 
affect the flame length of one oil more than another. 

Effect of Air Shutter Opening: For metering the higher rates of air supply 
a 21% in. diameter orifice was used, making it necessary to set the air control 
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shutter at a smaller opening in order to keep the air supply system resistance 
the same. It became evident that the relationship between smoke spot reflectance 
and percent CO, was altered when a larger metering orifice was used; this is 
illustrated in Fig. 4. 

The effect of air shutter opening seemed so significant in the operation of the 
unit that it was investigated further by several tests using oil B at a constant air- 
fuel weight ratio of 20.9 and a draft of 0.10 in. water. By dampering the inlet 
to the booster blower the shutter could be set at different positions without 
changing the air flow rate or combustion chamber draft. Results of these tests, 
plotted in Fig. 7, indicate that there was a marked effect of shutter opening 
upon combustion. 

It was believed that the air turbulence set up by different shutter openings 
persisted into the combustion chamber and was responsible for changing com- 
bustion by altering the characteristics of air-fuel mixing. 


TABLE 2—FLAME LENGTH OF VARIOUS FUEL OILS 


Ow Designation D A E B F Cc 
A. P. I. Gravity—deg cassiedebaheewes 43.4 39.4 34.0 27.5 25.9 22.6 
Flame Length (inches) 
For 25% Excess Air...................| 16.6 16.6 15.0 16.5 20.0 | >21.0 
15.08 16.6* 
For 50% Excess Air...................] 12.2 12.0 11.5 13.8 13.8 19.2 
11.5" 12.0* 
Smoke Spot Relative Reflectance At 16-Inch 
98 95 91 83 84 | 79 
96* 96" | 


a Higher than standard delivery pressures. 


Ignition off: Due to occasional fouling of the ignition electrode tips, arcing 
took place across the electrodes away from the tips and in certain cases arcing 
ceased completely. In an attempt to determine the maximum effect of this faulty 
ignition several tests were made with oil B, first with the ignition on and then 
with the ignition off. These data are plotted in Fig. 4; the numbered lines 
connect data obtained with ignition on and with ignition off at a given setting 
of controls. It was noted that there was a marked increase in air supply rate 
when the ignition was turned off, and this resulted in a decreased CO», although 
smoke density was considerably greater. 

Therefore it appeared that the method of maintaining ignition, whether by 
electric arc combined with radiation and flame propagation or merely sustained 
by radiation and flame propagation, has a definite bearing upon air flow to the 
combustion chamber and upon smoke production. 

Starting and Shutdown: During the investigation, smoke densities occurring 
at starting and shutdown were measured in order to indicate the relative 
smoking tendencies of the various oils at these times. The capacity of the fuel 
line, increased by instrumentation and filters, may have contributed to sluggish 
starting and oil cut-off to such an extent that smoking was greater at these times 
than normally exists in practice. 

When starting the unit from cold, the smoke sampling unit was started simul- 
taneously with the pump and fan motor ; a second sample was then taken immedi- 
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ately after the first as a comparison of starting to steady operation after starting. 
Similarly, prior to shutdown a smoke spot was taken and then the sampler was 
started as the unit’s motor was switched off. Smoke spot reflectance data for 
two oils at starting and shutdown are plotted against the steady operating values 
of CO, in Figs. 3 and 4. (A few points which aided in establishing the curves 
fell beyond the range shown.) Smoke density during the starting period was 
greater than during steady operation, with the exception of oils A and C, but 
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was less than during shutdown. Other data show similar results for conventional 
burners.3-4 Impingement or dribble of the oil upon the refractory surfaces 
occasionally was observed at shutdown. 

Reproducibility of Results: Satisfactory reproducibility was obtained for all 
of the oils except oil C, for which the scatter of smoke data for both original 
and check tests was as much as 30 percent relative reflectance. Oils C and D 
burned with greater instability than the other oils, in that detonation and pulsa- 
tion were much more prevalent. When firing oil D at 123 psig pressure this 
unsteady combustion sometimes became quite severe. 


One factor contributing to the lack of reproducibility for some tests is believed 
to be the variation of ignition characteristics. Spark position could not be 
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observed while the unit was in operation so the actual condition of ignition 
during tests was unknown. Gumming of the electrodes could be observed only 
after shutdown. It is conceivable that variations in spark position could cause 
deviations in smoke density approaching the ignition-off values (previously 


3—ComBusTIon INDICES AND Test RESULTS 


Ou Designation Note | D A | E B F Cc 
ComBusTION INDICES 
A.P.I.Gravity,deg...... ® 43.4 39.4 34.0 | 27.5 25.9 22.6 
Aniline Point, deg F......|  * 147 143 137 121 89 55 
Diesel Index............) » 63.8 56.5 46.6 | 33.3 23.0 12.4 
L.P. Smoke Point. ..... 22 21 ll 8 6 8 
Burning Index......... |e 99 89 71 | 39 36 23 
Cetane Number.......... qd 45 50 51 | 39 29 19 
U.O.P. Charact. Factor ...| © 11.83 11.78 11.56 | 11.37 10.99 10.66 
TEsT RESULTS | 
Ultimate% CO2,U...... f 15.35 15.50 15.60 | 16.05 16.15 16.40 
Hydrogen-carbon Ratio...} | 0.1525 0.1474 0.1433 | 0.1275 0.1244 0.1161 


Percent of Ult. CO; 


For 80% smoke spot refl. | 
At standard conditions| © 81.5 | 82.0 85.5 | 79.0 74.5 58.0 
At similar firing rates | 89.0 | 86.0 85.5 | 79.0 | 74.5 58.0 
For 50% smoke spot refl. | 
At standard conditions; > 87.5 88.0 | 89.0 | 86.1 83.0 70.0 
At similar firing rates | 93.0 91.5 | 89.0 | 86.1 83.0 70.0 
Smoke Spot Rel. Reflect. | 
For 80% of Ult. CO; | 
At standard conditions} | 88.0 | 89.5 | 93.0 77.5 68.5 25.0 
At similar firing rates | 96.5 93.5 | 93.0 77.5 68.5 25.0 
For 87% of Ult, CO, | | 
Atstandardconditions; ® | 52.0 55.0 | 72.0 | 46.0 21.0 6.0 
At similar firingrates| § | 87.5 75.0 | 72.0 | 46.0 21.0 6.0 


Notes: 

(a) Values taken from oil analysis submitted by refiners. 

(b) Diesel Index = (API gravity x aniline point) /100. 

(c) Obtained from chart (Fig 4 of Ref 5). 

(d) Obtained from graphical solution chart (Ref 6) based on Institute of Petroleum formula: 
cetane number = 175.4 log (mid pt) + 1.98 API deg — 496 

(e) U.O.P. Characterization Factor = (Cubic Av Boiling Pt, Deg F + 460)'/3/Specific Gravity at 60 F (Refs 7 and 8) 

(f) Determined from gas analyses 

(g) Calculated from relation: H/C = (20.9/V—1)0.421. 

(h) Data obtained when all oils were fired at 100 psig pressure and 110 F (Fig. 5). 

(i) Data obtained when all oils were fired at essentially the same weight rate. (Oils A and D fired at pressures greater 
than 100 psig) (Fig. 5). 


illustrated in tests of fuel B) as a limiting condition; this might account for 
some of the dispersion of test points. 


CoRRELATION OF TEST RESULTS WITH COMBUSTION INDICES 


The results obtained were compared with certain of the indices which are 
generally considered to be indicative of the burning qualities of fuel oils. The 
comparison is shown in Table 3 where the six oils are arranged in order of 
decreasing A.P.J. gravity; values of the indices were obtained as indicated in 
the notes. The test results given in the tabulation were taken from Fig. 5. For 
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purposes of this comparison the smoking tendency of each oil is based on CO, 
in percent of ultimate CO. corresponding to smoke spot relative reflectances of 
80 and 50 percent. Also shown is the smoke spot reflectance for CO, values of 
80 and 87 percent of ultimate CO; these values correspond respectively to 
excess air quantities of 23.5 and 14.0 percent. Results are compared both on 
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the basis of the standard conditions of operation and on the basis of similar 
firing rates obtained when the oils A and D were fired at pressures greater than 
100 psig. 

The curves of Fig. 8 were prepared to permit greater ease in visualizing the 
correlation of the test results with the various combustion indices. Results for 
similar firing rates are plotted in Fig. 8 against the following indices: 


1. A.P.I. Gravity 

2. Diesel Index 

3. Hydrogen-Carbon Ratio, H/C 
4. Burning Index 


Values of CO./U (where U = ultimate CO.) plotted in Fig. 8 are the 
maximum values of percent of ultimate CO. which may be attained without 
exceeding smoke densities of 80 percent relative reflectance. (This corresponded 
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to smoke number 3 on the Bacharach-Shell scale}.) Also shown are smoke 
densities obtained at CO, = 80 percent of ultimate CO». 

A.P.1. gravity, hydrogen-carbon ratio, diesel index, and burning index seem 
to be the most indicative of the burning qualities of the oils tested, while U.O.P.* 
characterization factor and cetane number show a weaker correlation. It may 
be observed from Table 3 that very poor correlation was obtained with the I.P.¢+ 
Smoke Point. The aniline point became more indicative of the burning quality 
when combined with the 4.P./. gravity in the form of the diesel index. Although 
technique and conditions of operation in the preliminary investigations differed 
somewhat from those described here, the results with those oils followed the 
correlations of Fig. 8 quite closely. 

Several points of caution should be emphasized in making generalizations 
from these results and correlations. Variables which affect combustion are so 
inter-related that it is impossible to control each independently. For example, 
the comparison of data on the basis of similar firing rates has the disadvantage 
of including effects of unequal delivery pressures on atomization and mixing. 
When the oils are considered on the basis of the standard conditions of operation 
(constant delivery pressure) the relative smoking tendencies are seen to be 
different from those at similar firing rates and thus correlate differently with the 
burning indices shown. The air shutter position required for a given percent 
of excess air varied somewhat with different oils, tending to change the relative 
air-fuel mixing characteristics (Fig. 7). Due to differences in oil spray charac- 
teristics, the optimum requirements of ignition position could possibly vary for 
the different oils. These factors tend to indicate that the data presented should 
not be considered to be comparable in the strictest sense. 

The data presented are the results obtained for the oils used in this investiga- 
tion and do not necessarily indicate the relative intrinsic burning qualities of 
these fuels, nor does the correlation with the combustion indices indicate that 
such a correlation could be applied for all types of oils. It should be pointed out 
that relatively few oils have been investigated and that the burning qualities of 
a number of widely different oils of the same type, such as catalytically-cracked 
oils, might not follow the correlations presented. These correlations are en- 
couraging however, and it is possible that they could be firmly established by 
tests with a greater number of oils; thus a simple determination such as A.P.I. 
gravity might be found to be indicative of the burning qualities as evaluated 
by the test unit. 


CoNCLUSIONS 


1. Satisfactory reproducibility of results was obtained with all oils except oil C, 
for which combustion was quite unstable. 

2. In addition to increasing the firing rate, the effect of increasing the delivery 
pressure of the oil was to produce cleaner combustion and a slightly shorter flame. 

3. At constant air-fuel ratio the effect of decreasing the air shutter opening was to 
reduce smoke density and flame length, while increasing percent COo. 

4. The effect of switching the ignition off during steady operation was to increase 
the air supply rate and to increase smoke production. 


* Universal Oil Preducts Co. 
tt International Petroleum Technologists. 
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5. Smoke densities during shutdown were greater than during starting, and smoke 
densities during starting were generally higher than during steady operation. 

6. A good degree of correlation was obtained between test results at similar firing 
rates and the following combustion indices: A.P.J. gravity, hydrogen-carbon ratio, 
diesel index and burning index. A greater number of oils must be investigated if 
these correlations are to be so established that a simply obtained index can be used 
to rate the burning qualities of fuel oils. Investigation should be made to determine 
whether these correlations may be extended to other types of burners and to field 
installations. 

7. In order to determine the significance of the results obtained with the test unit, 
it would be desirable to investigate fundamental principles of fuel atomization, ignition, 
air-fuel mixing, and smoke measurement. 
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DISCUSSION 


E. F. OprperMAN, Stamford, Conn., (WRITTEN) : This paper and the paper preceding 
(Chapter No. 1412) are very interesting and appear to propose a reliable and simple 
method of analyzing the burning characteristics of an untried fuel oil. The research 
to date has very promising results from the testing of six oils in a test unit incorpor- 
ating one burner design. This, therefore, would simulate field expectancy if the unit 
in the field were of the exact design as the test unit. Unfortunately, this will not be 
the case and with the hundreds of manufacturers in this business the variables are 
numerous and all will produce widely different burning characteristics. 
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A combination of one manufacturer’s burner using a certain fuel oil may produce 
excellent results. However, this same oil when used with a burner of different 
manufacture may produce a very poor flame and in extreme cases may not work at 
all. That is, various types of burners have entirely different burning characteristics 
when using the same fuel oil. Some of these different charcteristics are attributed to: 
(1) different characteristics of nozzles used; (2) type of ignition whether constant or 
intermittent; (3) type of mixing head; and (4) quality of oil atomization. 

These few variables are mutiplied a hundred-fold by conditions of manufacture. 
For instance, two apparently identical nozzles constructed in accordance with identical 
specifications, but of different manufacture, have been found to produce very different 
results. 

It seems, therefore, that the method as proposed has definite possibilities, however, 
variable conditions of manufacture in addition to those variables encountered in the 
field would indicate that a great deal of additional research will be necessary. 


N. A. Pater, Bloomington, Ill. (Written): Much valuable data are contained 
in the report of this project and the authors are to be commended on the excellent 
job. I am in full agreement with their conclusions that this report points up the need 
for further research on the subject. 

It becomes evident that a number of factors directly affect the amount of smoke 
production in any given fuel oil, such as: degree of atomization; spray pattern and 
angle of the nozzle; and pressure and turbulence of the air. 

Another ever present question arises with respect to the reduction of the smoke 
by introducing excess air. Does it actually reduce the production of smoke or merely 
dilute it? If dilution is the result, we would have reason to question the reliability 
of the smoke density curve in Fig. 5. 

It would seem desirable to design or select test equipment to produce no smoke at 
ultimate CO» with a prototype or reference fuel of known burning characteristics. 
Then, a fuel oil under test could be classed as sub-standard if the introduction of 
excess air to acceptable limits did not reduce or eliminate smoke production. 

A test unit of this nature could be of great value to the oil burner industry in 
proving the need for improved equipment design practices. 

I believe the ultimate objective should be the inclusion of minimum performance 
requirements in Commercial Standard CS75. 


T. H. Smoot, Marshalltown, Ia., (Written): My principal comment has to do 
with the conclusion that when the burner ignition is turned off during steady operation, 
both the air supply and smoke production increased. Although these results did prevail 
in the test work reported in this paper, the impression should not be given that they 
are inherent conditions and will apply to all oil burners of the high pressure atomizing 
type. It is my opinion that these observed conditions took place because the point of 
flame retention or flame front moved away from the burner with ignition off. The 
burner used in the test unit does not incorporate design characteristics which make 
its point of flame retention independent of the ignition means. Burner mixing heads 
are in use which do control the location of the flame front and with which there is 
no observed movement of the flame front whether ignition is on or off. It is my 
opinion that with such burner heads there would not be increased air supply and smoke 
production when ignition is turned off. This characteristic of flame retention is largely 
independent of fuel quality. 

Smoking tendencies on starting and stopping are principally the result of the 
mechanical functioning of burner parts rather than having to do with fuel quality. 
These conditions can be controlled by additional components on the burner so as to 
provide for delayed fuel delivery at the start and instantaneous fuel shut-off when the 
burner stops. 
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The burning qualities of fuels on the basis of short runs are of great importance in 
view of the increased false heat input to thermostats (t.e. heat anticipation) where 
maximum cycles of 3 min duration are finding widespread application. The burning 
qualities on the short cycle basis, in addition to the steady run basis, should be evalu- 
ated in the fuel burning index. 


M. F. Drxon, Toronto, Ont., Canada: I congratulate the authors in trying to set 
up a scale of fuel evaluation. From my knowledge of the subject, I realize it is a 
very difficult task. 

The first question that comes to my mind, as more work is done, is: What is the 
next step? Would there actually be specifications indicating a certain smoke density, 
measured by one of the four methods previously discussed here, or would that be a 
specification for the fuel oil buyer with his supplier? 

Secondly, if you did have such a specification, where is the actual testing going to 
be made or done? If it is done at the refinery laboratory and you have a certain 
maximum smoke density, allowable for a certain type of fuel, will that specification 
stand up at the time the fuel is being used, which may be a year later, because the 
refiner makes his fuel in the summer and it is probably not used until the following 
spring? 

That brings up questions of potential sediment-forming characteristics of the fuel. 
One fuel that has a smoke pass in the refinery laboratory might utterly fail to pass 
it when used in the field. 

I can think of so many problems in connection with this, if I did see results of a 
particular fuel having certain smoke-forming tendencies, I would want to know, for 
example, was it a field test or laboratory test? What was the potential sediment-form- 
ing characteristic of the fuel? Finally, what was the fuel—straight run, mixture of 
thermally cracked or catalytically cracked gas oil, and were the two components stable 
or were they not, or did they tend to become unstable later? 


L. N. Hunter, Johnstown, Pa.: This work was not done at the laboratory with 
the intention or purpose of testing anyone’s oil or anyone’s oil-burner. The main 
purpose of the test was to try to evaluate this instrument as a means of measuring the 
burning qualities of fuel oil. It was hoped that we might develop an instrument for 
measuring the burning qualities of fuel oil similar to the engine that is used in the 
gasoline industry to measure the anti-knock qualities of gasoline. The cost of the work 
was borne by the Oil-Heat Institute of America, Inc. 

Regarding the future status of this development the Oil-Heat Institute has a com- 
mittee which is reviewing these results, and, after they have made their review, they 
will make recommendations as to whether further work should be done or just how 
this project should be disposed of. If further work is recommended, the A.S.H.V.E. 
Research Laboratory will probably be given an opportunity to continue to do the 
work, if they so desire. 

On behalf of the Oil-Heat Institute we want to acknowledge the excellent work 
which the Laboratory has done on this program so far. 


F. R. Dunn, Jr.*, Philadelphia, Pa.: We are very much interested in this work 
and I would like to add my congratulations. We have followed the course of the 
work on the test unit in the several A.S.H.V.E. reports that were issued to Oil-Heat 
Institute members. In general, the information in this paper ties in rather well with 
the sort of information that we have obtained in our work on oil burning. Our work 
has not been done in a special design unit such as the test unit, but, rather, on commer- 
cial burners for domestic use. We have developed and used the Atlantic burning index5 
to distinguish between the relative burning quality of fuel oils produced from various 
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sources. We have attempted by the burning index to define the burning quality of a 
fuel oil in terms of the range of operating conditions, air rates and oil rates, over 
which a typical domestic burner will operate without producing more than barely 
visible smoke at a stack exit. We have approached the problem from that standpoint 
simply because in the field the satisfactory operation of burners with clean burning 
is contingent upon proper burner adjustment and inadvertent changes in air and oil 
rate caused by fluctuations in stack draft, oil temperature, etc. Obviously, a fuel oil 
capable of burning cleanly over a wide range of operating conditions is superior in 
performance to a fuel oil which can burn cleanly only over a small range of operating 
conditions. 

Therefore, we have looked at the problem of determining the burning quality of 
fuel oils not so much from the standpoint of how an oil will burn under just one set 
of operating conditions, but, rather, how an oil will burn over a wide range of operat- 
ing conditions in various types of domestic burning equipment. 

There are probably several hundred brands of domestic burners in use today, ail 
of which can be classified into a few types, such as high- and low-pressure burners, 
rotary wall-flame burners, and pot- or space-heating burners. On the basis of tests 
which we have run we have been able to set up specifications for the proper fuel oil 
for each one of these types of burners. 

The information gained with the test unit is excellent. It has been demonstrated in 
the test unit that most types of fuel oils, with the exception of the thermally-cracked 
oil, give satisfactory performance in the less than 11 percent COe2 range. From the 
curves in Fig. 5 it is noted that high smoke values are not obtained until relatively 
low excess air is used; we have had this same experience in our tests made in domestic 
burners of a type roughly similar to the test unit. 

We have also noted that there is a big difference in certain types of equipment in 
their ability to handle fuel oils, but, again, many of these differences are encountered 
at the higher CO2 values. 


F. J. Nunuist, Milwaukee, Wis.: I would like to add my congratulations to the 
authors of the paper, but I would like also to add this thought: I think it is clear 
that some additional work is indicated. These results as published do open up many 
fields of investigation. 

For one, I am curious about the test oil C and its failure to fall into a pattern. I 
wonder, if there are other oils along that line, whether or not the index is going to 
have true value for us in terms of interchangeability of fuels. 

Secondly, I am concerned about this ignition-on and ignition-off performance, which 
implies that perhaps there was some change in power characteristics, or perhaps 
there was a change in the speed of the pump, the oil delivery rate, or something which 
may or may not have happened but does not seem to be indicated in the paper. 

Then | am also concerned with the plotting of the two oils at 116 and 123 psig 
rate which could, as shown in the earlier curve, give different performance character- 
istics. It might perhaps be better to have changed the nozzle sizes to maintain the same 
kinetic energy at the nozzle. 

Finally, it seems to me that it would be very desirable in the three cases of the oils 
of undetermined origin to know something about their origin and what the original 
composition might have been. Perhaps they did not have any of the thermally-cracked 
oil which fell off the curve, and if they had, different results might have been obtained. 
Obviously, if an index can be developed, it is going to be of considerable use to 
application engineers and likewise to designers of oil-burning equipment. 


K. O. Beatty, Jr., Raleigh, N. C.: The work reported in this paper is a fine start 
in a good direction. In our furnace oil evaluation work at North Carolina State 
College we have been using four different types of domestic oil burning units, a 
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rotary wall-flame burner, a natural draft-pot burner, a forced draft-pot burner, and 
a gun burner. 

Our experience with a gun burner has been that it could be adjusted to burn 
satisfactorily with most any type of light furnace oil. The other types of units are 
much more sensitive. Although, I recognize the importance of the gun burner because 
of its wide use, I wonder whether some other more sensitive type of unit might be 
worth considering. 

I note that when you used a lighter fuel you found it necessary to step up the oil 
pressure. What is your explanation of this? 

In Fig. 8 you show four very good correlations between smoke and certain proper- 
ties of the oils. We have used a very wide variety of oils in our work and have never 
been successful in finding as good agreements as these with any properties. 


AutHors’ CLosurE (D. W. Locklin): The comment of Mr. Dixon pertains to the 
application of the test unit once it has become a proven instrument. As Mr. Hunter 
has pointed out, the Engineering Committee of the Oil-Heat Institute envisioned the 
use of this unit in a manner similar to the CFR octane engine, whereby burner 
manufacturers, oil refiners, or anyone concerned with the problem could establish a 
combustion rating using a basic design of this unit and a prescribed procedure. Such 
a rating, possibly in terms of a reference oil, might well be used as a contract specifica- 
tion. It is hoped that, by considering this test unit as a primary instrument, a second- 
ary test or index can be established; this would permit evaluation of fuel oils in the 
field by simpler and speedier means. 

The problem of storage stability is believed to be more of a handling problem than 
one of combustion, although sediment in lines and filters can certainly effect burner 
operation. The actual concentration of sediment formation normally encountered is 
probably not sufficient to alter the physical properties or burning quality of the remain- 
ing fuel. The increasing use of deeply cracked stocks in domestic fuels has brought 
about new problems in fuel stability and has, therefore, increased research activity in 
this field. 

The Burning Index (See Reference 5) discussed by Mr. Dunn is compared to 
results of this investigation in Fig. 8. It is significant that this index of adjustment 
tolerance, obtained with a rotary wall-flame burner, showed such good correlation with 
the performance obtained in the test unit. 

It is quite possible, as Mr. Nunlist suggests, that other oils might behave as oil C; 
however, this oil was beyond the specifications for No. 2 grade and far beyond the 
limits of current fuels for domestic burners. 

Conversation with other investigators has shown that they also observed a change 
in air supply when the ignition was shut off. The possibility that the fan speed was 
affected by the ignition-off condition was not investigated. 

Nozzle performance appeared to play a major part in combustion characteristics of 
the unit. In order to minimize this variable of atomization, it was deemed desirable 
to run all tests with a single nozzle. Preliminary tests indicated that atomization 
varied each time the nozzle was disassembled for cleaning; therefore, all tests reported 
were run without disassembling the nozzle. 

The three oils of undetermined origin were procured locally in order to obtain 
typical burner fuels for comparison with the straight run, catalytically cracked, and 
thermally cracked oils supplied by refiners. In general, the composition as to refining 
method is not believed significant in itself since there may be wide differences in 
stocks by the same type of process. 

Professor Beatty has suggested the possibility that another type of burner might 
be better suited for evaluation of fuel oil burning quality. Burners which normally 
handle both No. 1 and No. 2 grades of fuel are the gun type burner and the rotary 
wall-flame burner. As a laboratory tool for fuel oil evaluation the wall-flame burner 


it 

= 


156 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


offers certain advantages: it is, in general, more sensitive to fuel oil quality when 
considered at a given set of conditions, and it permits control of firing rates without 
introducing other variables of atomization and flame retention. 

To determine temperature and pressure effects upon oil rates, an analysis of the 
firing rate data of this investigation was made on the basis of orifice discharge theory. 
This showed that the nozzle discharge coefficient, over the range of oils and rates 
investigated, was independent of Reynolds number and therefore viscosity; for the 
relatively narrow range of properties represented in these tests, the weight rate was 
found to be nearly proportional to the square root of the product of firing pressure 
and oil density. In order to maintain similar firing rates it was thus necessary to raise 
the firing pressures for the lighter oils. 

Dilution effects mentioned by Mr. Palmer are included in Figs. 3, 4, and 5, but 
such dilution is present over the entire range of CO and does not occur suddenly 
as suggested by the smoke curves. The change from 10 to 15 percent COze represents 
a variation in the total weight of flue gas amounting to only about 25 percent; thus, 
it is believed that dilution effects together with variations in smoke sampling efficiency 
were not sufficient to mask the relative smoking tendencies of these oils. 

The data at constant air-fuel ratio shown in Fig. 7 permit the estimation of amounts 
of unburned carbon in the flue gas represented by various smoke readings. If the 
oil is considered a pure hydrocarbon burning without CO, the reduction of CO2 
implies an increase of free carbon amounting to about 7% percent by weight of the 
fuel fired or about 5 perecnt of the potential heating value of the fuel. This analysis 
offers an indication that the concentration of free carbon represented by an increase 
from Smoke No. 1 to No. 2 on the Bacharach-Shell scale, increased about 0.004 Ib 
per lb of flue gas. ‘ 

This investigation succeeded in proving that the test unit and the technique developed 
was capable of distinguishing between the combustion performance of the oils studied. 
The question prompted by Mr. Opperman is then whether such an indication of relative 
performance reflects the inherent burning quality of the oil itselfi—and its performance 
when fired in other burners under different conditions. Different burners firing the 
same oil will, of course, give different conditions of absolute performance but the 
significant question is whether the unit shows the same relative performance as do 
other burners. If this can be established by further laboratory tests and field experi- 
ence, the value of the unit will be proved. 

The authors are in agreement with Mr. Smoot’s conclusion that the change in com- 
bustion air supply, reported with ignition off, was related to the position of the flame 
front and that such a variation in air rate would probably not occur with burners 
having flame retention independent of ignition. It is also believed that stable flame 
retention is important for the elimination of pulsation. 

Mr. Smoot has pointed out that the method of evaluation by the test unit was 
based upon performance at equilibrium conditions; starting and shut down conditions 
were not fully studied. From the standpoint of sooting during normal operation of a 
burner the critical periods are the transient conditions at the beginning and end of 
a burner cycle, unless special corrective measures are taken. Thus, in order to obtain 
a true picture of fuel performance under field conditions, investigation will have to 
be extended to the evaluation of fuels burned in intermittently operating burners. 
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ASURVEY OF ELECTROSTATIC PRECIPITATION 


By Eric A. WALKER* AND J. E. Cootipce,** STATE COLLEGE, PA. 


LTHOUGH one can find references to electrostatic precipitation and attrac- 
tion of charged dust particles by Gilbert, as far back as the year 1600, 
the first comprehensive outline of the problem was presented by Lodge in 1884. 
Lodge claimed industrial dust in the atmosphere was becoming an increasing 
hazard and demonstrated its removal by means of an electric spark. His attempt 
at practical application however was not a success; in the most part because of 
an unfortunate choice of material: choosing lead fume which is now known to 
be among the most difficult solids to precipitate. 

In 1911 Cottrell constructed the first successful electrostatic precipitator. His 
success was aided by new high voltage techniques developed since Lodge’s 
attempt and a more fortuitous choice of material, sulfuric acid mist, to precipi- 
tate. 

From this slow start electrostatic precipitation has grown to an immense 
business in both this country and Europe and many major installations have 
been made to precipitate a wide variety of materials. The smallest are household 
ventilation units while the major units include such giants as fly ash installations 
handling 200,000 cfm and precipitating some 200 tons of ash per day. 

Unfortunately, an understanding of the fundamentals involved in the process 
has not had such an impressive growth. Some effort is being directed toward 
remedying this situation but electrostatic precipitation must still be classed as 
an art, not a science. 


METHOD OF OPERATION 


The simplest type of treatment chamber consists of a wire and concentric 
cylinder with a high voltage maintained between the wire and cylinder to pro- 
duce a voltage discharge. The dust laden air is passed through the cylinder 
where the dust is charged by the corona discharge, and is then transported by 
the associated electric field to the cylinder where it can be collected. The dust 
is removed by mechanical rapping or flushing with an appropriate fluid. A 
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variation of this arrangement is a wire flat-plate unit. The principle of operation 
is the same. 

Mechanical commutator power supplies are widely used because of the high 
voltage they will rectify (as high as 100 kv) with few failures. Such units 
have the disadvantages of radio interference, high maintenance costs and fire 
hazard to the extent that vacuum tube type rectifiers (used successfully in lower 
voltage applications) are rapidly replacing them. 
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THEORIES OF ELECTROSTATIC PRECIPITATION 


In many applications it is advisable to treat precipitation as a single operation 
and express its action in terms of its overall physical factors, i.e., the amount 
of dust put into the precipitator, the length of time it is under the influence of 
the precipitator, etc. Under these considerations an equation for the efficiency 
of precipitation can be written as 


where 
n = the ratio of dust removed to the dust which enters 
x = a factor involving many variables 


Such an expression has been derived by Anderson, Horne, Deutsch and possibly 
others. It is of limited use especially in predicting the behavior of completely 
new materials and conditions. The general form of the expression appears in 
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accord with the results shown in Fig. 1 in which x becomes a distance along the 
precipitator. This curve was obtained with the experimental precipitator shown 
in Fig. 2. 

A consideration receiving increasing attention to make units more efficient is 
gas distribution. It is obviously desirable to make each section of a precipitator 
bear equal load. 

An understanding of the individual processes of electrostatic precipitation is 
essential to intelligent design and improvement in operation. The following dis- 
cussion is a brief outline of these processes along with their status. 

Precipitator Corona: In view of the great amount of work which has been 
devoted to the study of corona, surprisingly little has been done on corona in 


Fic. 2. EXPERIMENTAL PRECIPITATOR 


a gas contaminated by fume or dust. This contamination alters the discharge 
tremendously as will become evident. 

Conditions are quite different in negative wire corona, from those in positive 
wire corona. In general the differences can be given as: (1) negative wire 
corona is highly localized, depends on the characteristic of the wire for a sus- 
tained discharge, is bead-like in appearance, produces ozone; (2) positive wire 
corona is a broad discharge, depends on the gas—not the wire—for being 
sustained, has a glow-like appearance, reduced ozone; (3) for clean metal elec- 
trodes, the arc-over voltage for negative corona is about twice that of positive. 

The mechanisms of positive wire corona are susceptible to theoretical analysis ; 
the current and electric field can be calculated from the geometry of the arrange- 
ment and the applied voltage. However, the capricious nature of the sustaining 
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mechanism of negative wire corona allows no simple general formula to be 
derived either for the current or the electric field. 

The presence of the dust in a precipitator makes additional considerations 
necessary above that of corona discharge with clean electrodes. The previous 
history of the precipitator, the gas velocity, the humidity, the composition of the 
gas and the other factors which are less comprehensible alter the electric dis- 
charge. Fig. 3 represents the dependence of precipitator current on relative 
humidity before, during, and after a precipitator run with gypsum. The theory 
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behind these changes is not understood but they illustrate the pronounced effect 
of humidity and dust on the electric discharge. 

The first important consideration in the design of an electrostatic precipitator 
is the capacity of the power pack. This is calculated from the length of the 
corona wire employed. Thus an important design constant is the milliamperes 
per foot at the operating voltage. From our previous discussion it can be seen 
that this relation is extremely difficult to obtain from theoretical considerations. 
In addition, it is found by actual measurements that the variation in successive 
current readings may be as much as 20 percent from reading to reading. lf 
one attempts to measure the current as a function of the length of the wire, 
results are even more uncertain. Thus power pack design is a case where in- 
tuition is an important factor. 

One might question the desirability of employing negative corona in precipi- 
tators. However, from an operational standpoint its one advantage of higher 
arc-over voltage outweighs its disadvantages. 

The electric field strength distribution in simple geometric shapes in the 
presence of an electric discharge can be predicted from theoretical consider- 
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ations for positive wire operation but not for negative. Probe measurements 
of the electric field are unsatisfactory. An approximate expression for the field 
strength is: 


_ 


(2) 
where 
E = field strength 
V = applied voltage 
Ve = critical corona voltage 
R = radius of cylinder 
« = radius of wire 


Application of Charge to Dust: There are two schools of thought concerning 
mechanism by which the dust particles become charged: (1) the electric field 
is the main cause of the action; (2) the kinetic energy of heat motion produces 
the action. Table 1 gives a summary of the theories proposed and their individual 
considerations. Ladenburg is the principal proponent of the first theory. He 
states that when the electric charges which are propelled to the particle by the 
applied field are numerous enough to set up a local field equal to the applied 
field at the surface of the particle, the charge has reached the maximum. This 
maximum is given by: 


2 
(3) 
e 
where 
Ex = applied field 
r = particle radius 
e = electron charge 
K = 1 + 2[(e—1)/(e—2)! 
e = dielectric constant 


Ladenburg says nothing about the time required for deposit. Pauthenier started 
from Ladenburg’s basic assumption, but by defining an entry zone in terms of 
the charge on the particle was able to include the variation of charge with time. 
Arendt and Kallman considered the kinetic energy viewpoint and were also 
able to arrive at a value for maximum charge. Deutsch expanded on this idea 
and considered the charging by kinetic energy and transportation simultaneously. 
It is unfortunate that a quantitative discussion cannot be made of a comparison 
or application of the theories outlined here. In general the electric field pro- 
ponents arrive at values higher than those from kinetic energy. Although many 
experiments have appeared to confirm Pauthenier’s expression, the method of 
test and the inability of field calculation place such results in a doubtful light. 


TRANSPORT PROBLEM 


The calculation of the time necessary to transport a charged particle can be 
made from a knowledge of the magnitude of the charge, the strength of the 
electric field, the size of the particle and Stokes’ Law for viscous motion. As 
has been pointed out neither the charge nor the electric field is capable of 
accurate theoretical prediction at the present time so a transportation calculation 
is quite difficult. However estimates of transport time, based on existing theory, 
compared to precipitator exposure time can indicate the possibility of success- 
ful precipitation. 


q 


162 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


0 

up 

IM* AG vaux 

z 

“u>>U 


(a) 


Joy 
0} Joladns 
‘MPT 


SWI] LYOdSNVAL 


= U 


= 7302 


wnuiturw jo adejuadiad 104 


(6 — 24¥qN) af* 


ADUVHD OL 


= 


b 


= up 
0 = 7 


m 


= 


wy 


uly 


JO} se 


va dapisuod 


Aq 


NT > 
“a PRY 
Vq ut ysod 
0} pasmnbas 


pue 


<sapoieg 
Joy auoz 
ayqissiu 
-iad eB sauyaqd 
aseull 
snjd sinquapey 
JO} SB 


Jaiuayyneg 


ny <sapnieg 
jo 
= 
jo 
Ajddns snoido>y 


Zinquapey 


SOUVHD WAWIXVIY 


LNIOg DNILAVIS 


VNOYOD V NI 


| | | 
| | | 
| | 
| | 
| | veil 
| | | | 
| | 
| | | 
| | | 
| | | 
| 
| | | | 
| | | | 
} 
| | 
| | | | 
| | | 
| | | | | | 
| | | ot | te | 
| | 
| | FS | 
| | | 
| Beal 
| | 
| | | | | 
| 


SURVEY OF ELECTROSTATIC PRECIPITATION, BY WALKER AND COOLIDGE 163 


NOMENCLATURE FOR TABLE 1 


n = number of elementary charges at time ‘‘t’’ 
Nm = maximum number of elementary charges 
r = particle radius 
e—l 
K=1+ 2( 
e = elementary electron charge 
Ex = applied electric field 
E, = electric field of charged particle 
e = dielectric constant 
q = charge on particle at time ‘‘t’”” = ne 
= ion density 
Ky = ion mobility 
c = ion velocity 
x = proportion of particles sticking to particle (decimal) 
Kg = Beltzmann’s constant 
T = temperature, absolute 
L = mean kinetic energy of charging ions 
u = mean molecular velocity 
W = particle mobility 
1 1 
L,. = maximum kinetic energy of charging ions (arbitrarily chosen) 
E = kinetic energy of a charging ion 
¢ = time 
t. = transport time in an exponential field 
t. = transportation time in a uniform field 
R, = collector cylinder radius 
’. = discharge wire radius 
In = logarithm 


Removal of Charge from Dust: If the material comes in contact with the 
collector plate, it is then necessary that the particle give up its charge and 
assume the charge of the collector plate. If the resistivity of the deposited layer 
is extremely high this charge transfer becomes difficult, back voltages are built 
up, sparking and uneven current flow result and precipitation is difficult. Some 
studies have correlated the resistivity of the precipitated material with the 
efficiency of precipitation of the material. These studies indicate that if the 
resistance is less than 8 X 10% ohm-cm precipitation is easy, but if it reaches 
1013 ohm-cm precipitation is almost impossible. 

Many investigators have mentioned the desirability of humidifying the gas 
in order to improve precipitation under certain conditions. In accordance with 
this practice laboratory investigations show that relative humidity plays a prom- 
inent role in the precipitation of gypsum compound. Typical results are shown 
in Fig. 4. The experimental precipitator used in these investigations is shown 
in Fig. 2 and employs thirteen 16-gage, 4-in. X 12-in. plates, spaced 1 in. apart 
with four wires, 20 mils in diameter, spaced equal distance between each pair of 
plates. The data suggest a relation for efficiency. 
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100 
860 (Experimental precipitator; Gypsum No. 1; 3 
pe grains/cu ft; 76 F — 80 F) 
: (a) 8400 volts — 3.3 fps. 
: (b) 7750 volts — 3.3 fps. 
Seo 
4 
204 
Fic. 4. ErricreNncy vs. RELATIVE 
Relative Humidity Per Ce: 
where 
V = applied voltage 
j= critical corona voltage 
h = fractional humidity 
k = constant for the system 


This relation is applicable to the gypsum compound only. It appears however to 
agree with the aforementioned resistivity studies—the effect of the moisture 
probably giving a reduction in resistivity. 


REMOVAL OF PRECIPITATED MATTER 


The removal of liquid precipitates is usually not a problem. Solids adhere to 
the collector plate and must be removed by scraping or shaking. These methods 
result in re-entrainment of collected material which obviously is undesirable. 
Much effort has been devoted to preventing such re-entrainment but to the 
present time a totally effective method has not been devised. It is not the purpose 
of this article to discuss this particular aspect of the problem since in general 
it is an engineering one only. 


UNSOLVED PROBLEMS 


Early in this work it was noticed that dust could be precipitated by energized 
parallel plates without a corona discharge. Experiments revealed that the action 
was caused by the frictional electrification of the dust cloud during its dispersion 
and flow through the entrance duct to the precipitator. Because of the simplicity 
and low energy requirement of such a system studies were initiated on the 
properties of frictional electricity. These studies have not resulted in a complete 
understanding of the phenomenon. However, it is believed that further study 
will develop the possible applications of frictional charging. 

In the course of the studies of frictional electrification with parallel plates a 
discrepancy appeared between the measured current to the plates and that ex- 
pected from the amount of material deposited and an estimate of the frictional 
charge. Further investigation indicated the explanation was electric re-entrain- 
ment. Electric re-entrainment can be described as follows: following initial 
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deposition, the particle assumes the same polarity as the plate. As a result there 
is a repelling force set up between the plate and the particle because of their 
like charges. If this repelling force is greater than the mechanical forces holding 
the particle to the plate the particle will be re-entrained in the air stream. In 
parallel plate units it will travel to the opposite plate where the same action takes 
place. Thus a system of bouncing particles exists between the plates. These 
particles contribute to the current and explain the large magnitude of the 
measurements. Fig. 5 illustrates the effect of this action where at a field strength 
of 5000 volts per centimeter, although the rate of particle removal has reached 
a maximum, the current increases sharply. In this region the electric repelling 
forces dominate the mechanical adhering forces to a great extent. 

The statement is often made that electrostatic precipitators are more adaptable 
to removing small particles than large ones. Theoretical consideration of particle 
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charging and particle transportation indicates that the opposite is true. In fact, 
measurements of the particle size distribution of collected material along the 
experimental precipitator of Fig. 2 show that the larger particles are precipitated 
first. Of course, particle size distribution measurements are such that their 
results bear a somewhat tenuous relation to the actual distribution but measure- 
ments conducted in the same manner can indicate relative size. 

The Effects of Resistance: It was pointed out earlier in this paper that 
studies have been made of the effects of the resistivity of the deposit on pre- 
cipitation of various materials. In the early development of precipitation 
theoretical analysis was more or less confined to corona discharge, particle 
charging and particle transportation, but it appears increasingly evident that 
the action at the collector plate is the limiting factor in many installations. The 
exact nature of this action is not known and much further study is necessary 


for adequate understanding. 
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DISCUSSION 


G. W. Penney, Pittsburgh, Pa.: You will note that the curve in Fig. 3 is a 
curve between precipitator current vs. relative humidity. We know that you can get 
this sort of curve either with the low-voltage type of precipitation used in air condi- 
tioning or in the high-voltage precipitation, whether it is positive or negative, but it 
is peculiar to one kind of dust, namely, a dust that has a high resistivity. I would 
prefer to see this curve plotted, along with the relative humidity, with the electrical 
resistivity of the dust. 

It would be helpful in the interpretation of this curve to have a curve on this chart 
for clean electrodes. I notice that the curve marked before is stated to be one where 
the dust was blown off the electrodes. I doubt that blowing will give a clean electrode. 
It is my experience that when dealing with this peculiar kind of dust and electrodes 
that have been wiped clean, enough dust remains to give the effect noted. 

By emphasizing gypsum dust a distorted picture is created as it is very seldom that 
pure gypsum would be found. By mixing a little bit of some other kind of dust 
with it the results would be quite different. 

It is my experience that Ladenburg’s theory is perfectly demonstrable as giving 
good results provided conditions obtain in the discharge for which Ladenburg derived 
his formula. For instance, in any kind of a device there are theories which explain its 
conditions, its operation when it is working under design conditions, but you can 
usually do something to that machine which introduces new problems. As I see it, 
this kind of a dust does exactly that. 

So I regard Ladenburg’s theory as useful and applicable, provided we have the 
conditions in the ionizer for which his equations were worked out, but with gypsum 
dust as special considerations. This is a very real problem and certainly if we want to 
precipitate gypsum or some high-resistivity fly ash, or even some kinds of lint, these 
problems are very real. 

AutHors’ Ciosure (J. E. Coolidge): It appears that neither in the paper nor in 
the oral presentation have we made clear the principal point we are trying to make. 
The purpose of this paper is to point out that a great deal more basic information 
must be obtained and fitted into a theory before we can pretend to understand com- 
pletely the operation of commercial dust precipitators. A secondary purpose of the 
paper is to give some data which have been obtained on a single kind of dust and to 
offer a theory which seems to fit the recorded phenomena. It is not contended that 
the dust chosen is a representative type of dust or a dust which can be substituted 
for any or all others. We would be the first to admit that different results will be 
obtained with different dusts. 

Dr. Penney comments that he would like to see more information than the data 
shown in Fig. 3. We agree that the addition of a measurement of the electrical 
resistivity and the repetition of measurements using clean electrodes would be inter- 
esting. This is a restatement of our need for a great deal more information. Dr. 
Penney further says that his experience with Ladenburg’s theory is that it is perfectly 
demonstrable. It is not our object te prove Ladenburg’s theory. We merely want to 
say in the paper that Ladenburg’s theory does not fit our results and does not often 
fit the results nor the conditions of a commercial electrostatic precipitator. However, 
because published information is so scarce, it would be helpful if Dr. Penney would 
publish some of the results of his experiments which support the Ladenburg theory. 
As we stated previously a great deal more information is needed before the behavior 
of commercial precipitators can be thoroughly understood. 
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THEORY OF EARTH HEAT EXCHANGERS 
FOR THE HEAT PUMP 


By L. R. F. T. ApLER**, Mapison, Wis., H. J. Prasst, STANFORD 
University, CaALir., AND A. C. INGERSOLL{T, Mapison, WIs. 


HE EARTH is the most-discussed source of heat for reverse-cycle heating 

because of availability, temperature, and other considerations. While the 
small pipe, either relatively isolated or in hairpin loops, is probably the most 
effective means for use in such heat extraction and is the one which has received 
most attention, theoretical or experimental, there are a number of other forms 
of exchangers which should be studied. These include the flat surface and flat 
plate, the large cavity or “buried cistern,” pipes of various sizes, large and 
small, long and short, and various forms of pipe grids. Most of these have 
been discussed as possibilities by Kemler!. This paper is a brief presentation 
of the theory applying to these various forms together with a comparative study 
of their efficiencies, and includes a treatment of some phases of the subject which 
have hitherto had little discussion. 

No one knows better than the practical heat pump engineer the short-comings 
and inadequacies of the theory in this field. There are at least four difficulties 
encountered by theoretical treatment at the start. These are: (a) lack of knowl- 
edge of the thermal conductivity and diffusivity of the soil in the given location; 
(6) the well-recognized fact that there is a moisture migration, from the warmer 
to the cooler regions in the soil, which improves conductivity near the exchanger 
(winter operation) and produces more favorable transfer conditions than calcu- 
lated; (c) the underground water movement which obtains a larger heat transfer 
than would be calculated on a pure conduction basis; and (d) the ice formation 
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about the pipe or other exchanger, with accompanying release of latent heat. 
To these items might be added at least two others, such as the periodic tempera- 
ture variation which occurs to some depth below the ground surface, the effects 
of cyclic rather than continuous operation of the heat pump, and any possible 
boundary layer effect due to lack of intimate contact of the exchanger with the 
soil. 
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Fic. 1. TRANSFER RATE AT CONSTANT EXCHANGER SurR- 
FACE TEMPERATURE, AND TEMPERATURE DIFFERENTIAL AT 
CoNSTANT TRANSFER RATE, FOR PLANAR EXCHANGER?® 
* Curves (a) (left-hand scale): transfer rate w for a temperature differential (i.e., temperature dif- 
ference between surface of exchanger and initial soil temperature) of AT = 1 deg. Curves (b) (right-hand 


scale): temperature differential AT for a transfer rate of w = 1 Btu per (hr) (sq ft). Soil constants: soil 
A, k = 1.2, ¢ = 0.45, 9 = 102, 2 = 0.0261; soil B, k = 0.4, c = 0.3, 9 = 100, a = 0.0133. 


In presenting the accompanying theoretical discussion, the authors recognize’ 
these limitations. However, when it comes to a comparison of the various types 
of exchanger, consideration of item (a) is largely eliminated since it applies 
equally to practically all types of earth heat exchangers. Some treatment of 
items (b), (c) and (d) is attempted in this paper. In further justification of 
theory it may be added that, while there have been a number of experiments 
with pipes, it may be some time before there are any experimental comparative 
studies of all the various types of exchanger; so for the present it is necessary 
to fall back on theory. 

In the accompanying treatment two general cases are considered for each 
type of exchanger: (1) constant surface temperature of the exchanger and the 
consequent heat transfer as dependent on time, and (2) constant heat transfer 
rate and the resulting surface temperature calculated as a function of time. 
While the latter would appear to approximate more nearly the situation encoun- 
tered in practical use—at least it is the heat transfer rate which is generally 
known or specified—it is frequently easier, experimentally, to meet the former 
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conditions. The exchangers are treated as isolated in general and remote from 
ground surface effects, and the initial soil temperature is considered uniform. 
(For constant transfer rate with a small diameter pipe exchanger any departure 
from uniformity, such as that due to seasonal changes, can generally be taken 
into account by merely adding such departure from the mean temperature to the 
effect, t.e., temperature change, produced by the exchanger.) To take account 
of variations from these conditions would unduly extend the treatment; further- 
more they have been considered in an earlier paper? on pipe exchangers, and 
on the basis of this an estimate of their effect can be reached. Likewise, for 
present purposes, the somewhat secondary effects of cyclic operation are ne- 
glected and only average transfer rates; and temperatures are considered. As 
in the earlier paper, calculations are limited to two types of soil: (1) Soil A, 
a wet clay of high conductivity haviag the characteristics k= 1.2, c= 0.45, 
p= 102, a= 0.0261 (these are to de considered, of course, only as effective 
overall values) and (2) Soil B, a moist soil of medium low conductivity (k= 
0.4, c= 0.3, p= 100, a = 0.0133) .* 


PLANE SURFACE OR FLAT PLATE 


Consideration is given here to a plane surface (heat flow perpendicular to 
the surface and in the positive x direction only), or a flat plate (flow in both 
positive and negative x directions) which is so large that edge effects can be 
neglected. 

(a) Constant Exchanger Surface Temperature. This is one of the simplest 
cases. The equation from ref. 3 p. 90 


RAT 
V xat 


is well known and has been ingeniously graphed by Raber, Boester and Hut- 
chinson.* 


(1) 


Sample calculations: For a large plane surface in soil A, held at a constant tem- 
perature differential A7** of 1 deg above or below initial soil temperature, the rate 
of heat transfer w after 168 hr or one week is 0.323 Btu per (hr) (sq ft) and 0.111 
after two months (see Fig. 1). For soil B the corresponding values are 0.151 and 
0.051. The values would be the same for a flat plate transferring heat on both sides, 
but, for the same general dimensions, it would obviously have twice the area of flat 
surface and consequently twice the total heat transfer. 


(b) Constant Transfer Rate. The equation here is 


Qw Vat 


and is based on the flat plate equation? (p. 156; the factor of 2 discrepancy 
occurs because of the way the area is taken in this reference). In using either 


AT = - (2) 


* Tables of symbols are included at the end of this paper. 
+ Page numbers appearing with references refer to page numbers in the reference work. 
** The expression temperature differential AT is used throughout this paper as an abbreviation for 
T — To, i.e., the difference between the temperature at the point under consideration (usually the surface 
of the exchanger) and the initial uniform soil temperature. It is obviously constant for case (a) and a 
function of time for case (b). 
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Equations 1 or 2 for a flat plate transferring heat on each side, w is calculated 
as the total area of the two sides. 


Sample calculations: For a large plane surface in soil A, with transfer rate w of 
one Btu per (hr) (sq ft) (i.e., total transfer of 600 Btu per hr for each 20 X 30 ft 
surface, or 1200 for a plate of this size), AT would be 1.97 deg after one week and 
5.80 deg after two months, vs. 4.20 deg and 12.4 deg for soil B (see Fig. 1). 

It is to be noted that this temperature differential is proportional to the square 
root of the time. Guernsey, Betz and Skau5 have made calculations on a long- 
time (20 year) basis for one soil and have also treated the case of periodic flow. 


SPHERICAL CAVITY 
The spherical cavity might well be called a spherical exchanger, but the term 
cavity expresses the condition better. 


(a) Constant Temperature of Cavity Surface. The equation® (p. 143) which 
applies is 


naé 


Sample calculations: For a cavity of radius R = 10 ft and AT = 1 deg the transfer 
rate for soil A is g= 557 Btu per hr and w= 0.443 Btu per (hr) (sq ft) after one 
week, and 288 and 0.229 respectively after two months. For soil B the corresponding 
values are 240 and 0.191; and 114 and 0.091 (see Fig. 2). 


(b) Constant Transfer Rate. It can be shown that the temperature at a point 
in the medium distant r from the center of a spherical cavity of radius R(r> R) 
in which heat transfer with the medium is taking place at a constant rate q, 
differs from its initial value by an amount AT which is given by 


q 2 7 R R? 2 
= — | . (4) 
|) r-R Ve r-R Val 
2 Vat 2 Vat R 
When r= R, Equation 4 reduces to 
at = 
q R? 2 

AT ~—_ e (5) 

4xkR Vx Ja 

R 


Sample calculations: For the same cavity as used in (a) and for a transfer rate 
w (w= q/4rR*) of one Btu per (hr) (sq ft) of cavity surface the temperature dif- 
ferential AT after one week (soil A) is 1.65 deg and after two months 3.65 deg. 
For soil B the values are 3.70 deg and 8.80 deg (see Fig. 2). 

It may be noted that an actual steady state of temperature is eventually at- 
tained in the spherical cavity case. (In either the infinite planar exchanger or 
the long isolated pipe there is no true steady state.) In the exampie given it 
would be reached approximately in a few years, when AT would be 
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This gives AT = 8.33 deg for soil A and 25 deg for soil B. This would mean, 
from Equation 3, a transfer rate (for AT =1 deg) of g= 150.8 Btu per hr, 
or w= 0.120 Btu per (hr) (sq ft) for soil A and corresponding values of 50.2 
and 0.040 for B. 

These same general considerations apply to any cavity of roughly spherical 
(or even cubical) shape, e¢.g., a “buried cistern”. As will be shown, the cavity 
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Fic. 2. TRANSFER RATE AT CONSTANT EXCHANGER SurR- 
FACE TEMPERATURE, AND TEMPERATURE DIFFERENTIAL AT 
CoNnsTANT TRANSFER RATE, FOR SPHERICAL CAVITY 
EXCHANGER® 


* Curves (a) (left-hand scale): transfer rate w for AT = 1 deg. Curves (b) (right-hand scale): tem- 
perature differential AT for a transfer rate of w = 1 Btu per (hr) (sq ft). For soil constants see Fig. 1. 


(also the flat plate) is a relatively inefficient exchanger. The presence of 
corners and edges, as in the cubical shape, does not increase its efficiency 
markedly; this may be estimated by comparing its efficiency in steady state 
operation with that of a sphere of equal volume (see Polya®). 


PIPES 


(a) Constant Surface Temperature. The theory of this case has been worked 
out by Jaeger? and others (see also Carslaw and Jaeger® p. 283). The rate of 
heat exchange Q’ Btu per (hr) (linear ft) for a long isolated pipe held at a 
constant temperature AT above or below the initial soil temperature is given by 


and the rate w, Btu per (hr) (sq ft) by 
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where z= at/R? and 


Values of F(z), adapted and extended from Jaeger and Clarke®, are given in 
Table 1. 


Sample calculations: Fora 4 in. (O.D.) pipe* (i.e., R = 0.167 ft) in soil A, with t = 24 
hr and AT = 1, values of z and F (z) will be: z = 22.5 and F (z) = 2.83. Then Q’ = 3.40 


TaBLE 1—VALUEs OF F(z) (SEE Equation 8) 


F (2) F F (2) F (2) 
0.01 38.508 0.50 7.751 40 2.539 4000 1.350 
0.02 28.096 0.60 7.288 50 2.440 5000 1.319 
0.03 23.474 0.70 6.926 60 2.363 7500 1.266 
0.04 20.716 0.80 6.634 80 2.251 10000 1.233 
0.05 18.829 1.00 6.180 100 2.172 15000 1.184 
0.06 17.433 1.2 5.844 120 2.114 25000 1.131 
0.07 16.351 1.5 5.467 150 2.042 
0.08 15.472 2.0 5.029 200 1.956 
0.09 14.744 2.5 4.726 250 1.893 
0.10 14.130 3.0 4.500 300 1.846 
0.12 13.135 4 4.174 400 1.775 
0.14 12.361 5 3.947 500 1.721 
0.16 11.737 6 3.776 600 1.683 
0.18 11.217 8 3.529 800 1.622 
0.20 10.777 10 3.354 1000 1.578 
0.25 9.916 12 3.224 1200 1.543 
0.30 9.277 15 3.074 1500 1.502 
0.35 8.779 20 2.898 2000 1.454 
0.40 8.373 25 2.774 2500 1.418 
0.45 8.037 30 2.678 3000 1.393 


Btu per (hr) (linear ft), or w = 3.23 Btu per (hr) (sq ft). For ¢ = 731 hr, Q’ = 1.98 and 
w = 1.88 (see Fig. 3). 


(b) Constant Transfer Rate. The simplest theory for this is the line source 


equation, 


2V at 


but in cases where the time is too short or the pipe diameter too large (in gen- 
eral when at/R? < 20) the use of the line source equation involves appreciable 
error. Jaeger’ has given an equation, which, while difficult to evaluate, covers 
all cases (see also ref 8 p. 283). For a pipe transferring heat at a rate of Q’ 


* For simplicity and because of the variety of materials and sizes used in exchanger pipes, diame- 
ters are expressed in whole numbers of inches, rather than standard pipe sizes. 
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Btu per (hr) (linear ft) the temperature differential AT between the initial 
soil temperature and the point under consideration at or near the pipe is given by 


where 


d 
. an 


Tv 


In these equations z = at/R? as above, and p = r/R; i.e., for p == 5 the point 
whose temperature is sought is distant 5R from the center of the pipe. The 
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® Temperature differential AT = 1 deg. For soil constants see Fig. 1. 


values for p= 1 apply to the pipe surface. The values of G(z,p) have been 
computed for a wide range of values of z (see ref. 8, p. 283 for values up to 
z= 10 for p=1) and for p=1,2,5,10. These are given in Table 2. 


Sample calculations: For the same 4 in. O. D. pipe and soil A used in calculations 
under previous item (a), with Q’ = 1 Btu per (hr) (linear ft) and ¢ = 5.34 hr, values of 
zand G (z, 1) will be z = 5 and G (z, 1) = 0.217. The pipe surface temperature change 
would accordingly be AT = 0.181 deg. For w = 1 this figure would be 0.190 deg (see 
Figs. 4 and 5). For a distance of 5 X 0.167 = 0.833 ft from the center of the pipe, 
AT = 0.0127 deg for Q’ = 1. 


In Fig. 5 are plotted curves calculated on the basis of the line source equation 
(Equation 9) and also of the more exact Jaeger integral (Equation 11) evalu- 
ated in Table 2. It is to be particularly noted that, with ordinary soils and for 
pipes less than 4 in. in diameter and times longer than one day, the simple line 
source equation (see ref. 2, or ref. 3, p. 253, for tables of this integral) gives 
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results suffiently accurate for practical purposes. The error does not exceed 
about 2 percent under these conditions. More exactly, the criterion for this small 
error or less is at/R?>20. 

This criterion also holds in general for the use of the line source equation for 
points at a distance from the pipe, FR still being the radius of the pipe. This 


TaBLE 2—VALUES OF G(z,p) (SEE Equation 11) 


2 G (2,1) G (z, 2) G (2, 5) G (2, 10) 
0.10 0.049 
0.20 0.067 
0.30 0.080 
0.40 0.090 
0.50 0.099 
0.60 0.107 
0.70 0.113 
0.80 0.118 
1.00 0.128 0.035 0.001 0.000 
1.20 0.137 
1.5 0.148 
2.0 0.163 
2.5 0.175 
3.0 0.186 
4.0 0.203 
5 0.217 0.112 0.0153 0.0001 
6 0.228 
8 0.247 
10 0.263 0.155 0.0388 0.0024 
12 0.275 0.167 0.0470 0.0042 
15 0.291 0.182 0.0580 0.0072 
20 0.312 0.203 0.0736 0.0129 
25 0.328 | 0.219 0.0866 0.0188 
30 0.342 0.232 0.0979 0.0246 
50 0.380 0.271 0.132 0.0460 
100 0.433 0.323 0.181 0.0842 
500 0.560 0.449 0.304 0.197 
1000 0.614 0.504 0.359 0.250 
5000 0.742 0.632 0.486 0.376 
10000 0.797 0.687 0.541 0.431 
25000 0.87! 0.760 0.614 0.504 


equation can therefore be used to find the temperature 20 in. from the center 
of a 4 in. pipe in soil A after 24 hr (i.e., at/R? = 22.5) but the Jaeger integral 
would be needed for an 8 in. pipe for this distance and time. For r>10R the 
Jaeger integral (Equation 11) is not evaluated, so the line source equation is 
the only simple solution readily available without further numerical work (the 
limits of its validity to be kept in mind). 

(c) Short Pipes. The preceding theory applies exactly only to the infinitely 
long pipe. It is important accordingly to know something of the magnitude of 
the error involved when it is applied to pipe lengths in common use. 
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The theory of the finite pipe for the case of constant transfer rate is not hard 
to derive. The temperature differential at a distance r from a point source at 
time ¢ after it starts to emit or absorb q units of heat per unit of time is given 
(ref. 3, p. 144, 146) by 


Vai 


For a line source in the z direction made up of such points, emitting Q’ heat 
units per unit of time per unit of length, the temperature differential at a distance 
R (e.g., on the pipe surface) from this line is 


22 


AT = —— Pes... @® 


4nk 


a1 
2Vat 
where the pipe extends from 2; to z2. When applied to pipe surface temperatures, 
this expression, like the line source equation, is reasonably accurate only for 


at/R?>20, as would be true for most practical cases. 
For (VY ‘22 + R?/2V/ at) <1, Equation 13 can be put in the form 


+ + R? 1 R? Rs 
1 2R? 1 


For R <L,/10 and L, < Vat * (L,=pipe length) as would frequently be 
the case, Equation 14 reduces to the following simple design equation for pipe 
surface temperatures near the middle of a short pipe, 


_ 


This gives, for example, the temperature at the surface in the middle of a 2 in. 

pipe 4 ft long in soil A, after a few days of operation, with negligible error. 
While there is no steady state of temperature for the infinite isolated pipe 

there is such a state for the finite pipe—although it may take a long time to 


* This is for an error of about 1 percent. For Lp = 2V/at the error is of the order of 4 percent, and for 
Lp = 3Vat, about 9 percent. 


‘ 
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reach this state—and its value is given at once by putting t= o in Equation 13 
whence 


Q’ dz Q’ + V2? + R 
AT = = —— loge — 
4xk 2+R 4xk a + + R? 


. (16) 


The curves of Fig. 6 show the results of such calculations made either by 
graphical solution of Equations 13 and 16 or by the use of Equations 14 or 15, for 
points on the surface of a 2 in. pipe (RK = 0.0833 ft) for soils A and B. It will 
be noted (curves I or L) that for the 40 ft pipe (except for the last foot of pipe) 
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Fic. 4. TEMPERATURE DIFFERENTIAL FOR LONG ISOLATED 
PipE EXCHANGER AT CONSTANT TRANSFER RATE* 


* Transfer rate w = 1 Btu per (hr) (sqft). For soil constants see Fig. 1. 


the temperatures are practically the same as for the infinite pipe (curves K 
or N). This means that the infinite pipe theory may in general be applied with 
negligible error to the long pipes usually used. It is also to be noted that while 
the 4 ft long pipe comes within 20 percent of steady state temperatures after 
one week of operation, the 40 ft pipe would require a very much longer time 
for such attainment. 

With the aid of another integration, Equation 13 can be modified to apply 
to the case of the small flat plate exchanger. 

While there is no steady state for the isolated infinite pipe, there is, however, 
a steady state for an infinite pipe, with constant transfer rate, buried below a 
ground surface held at constant temperature. If the ground surface temperature 
is the initial soil temperature, the use of Equation 9 gives this steady state tem- 


perature at once. The value of this integral for large ¢ is simply log, 2Vat/r 


| 
© 
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(see ref. 3, p. 253) so for a pipe buried a distance s below the surface, AT (if 
the radius of the pipe is small relative to s) for the steady state, is 


2Vat \_ Q’ lo 2s 
2s Qnk 8 


Q’ 


AT = 2Vat_ loge 


loge « « 


Equation 16a is frequently used, especially for buried cables, but its derivation 
by the usual method is by no means simple (see ref. 10, pp. 333-4). 


T T T T T T T 
w 

Se ISOLATED PIPE AT CONSTANT TRANSFER RATE 
SOIL A 

305 

04 

z 

z 

0.3) 

== 

202 

w 

4 

= 

a 

oe 5 10 15 20 25 


TIME - HOURS 


Fic. 5. CoMPARISON OF RESULTS OF COMPUTATIONS 
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TEGRALS OF THE TEMPERATURE DIFFERENTIAL FOR LONG 
IsOLATED P1ipE EXCHANGER AT CONSTANT TRANSFER 
a Transfer rate Q’ =1 Btu per (hr) (linear ft). The approximate curves 
(a) (dashed line) are obtained with the line source Equation 9; the exact 


curves (b) are computed from Table 2 of the Jaeger integrals. For soil 
constants see Fig. 1. 


COMPARISON OF EXCHANGERS 


For comparison purposes, the values of w (the transfer rate per square foot 
of area) for the planar exchanger, spherical cavity, and two sizes of pipe have 
been plotted together in Fig. 7. The superiority of the pipe exchanger is at once 
evident, not only because its transfer rate is large but also because the reduction 
of heat transfer rate with time is less. It is also to be noted that the small pipe 
has a higher transfer rate than the larger one. 

The comparisons of Fig. 7 are all on the basis of the transfer rate per square 
foot of area of the various exchangers. If it is desirable to compare the two 
sizes of pipe on the basis of the transfer rate Q’ per linear foot, it is only neces- 
sary to multiply the ordinates by wz times the pipe diameter. From this it may 
be concluded that Q’ for the 4 in. pipe is from 1.29 (soil A, 6 months) to 1.68 
(soil B, 1 day) larger than for the 1 in. pipe. This indicates the desirability 
of backfilling around a small pipe in a trench with some material of as high 


= 
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conductivity as possible. It also goes without saying that close adherence of 
the soil to the pipe is of the highest importance. 


Pipe Grips 


Most exchangers in actual use or under test are pipe grids of various types. 
Exact calculations are difficult in most cases but some general observations can 
be made. 

(a) Hairpin Loops. These have been treated in the previous paper2. The curves 
show that the single loop still has a good efficiency per pipe. Applications of the 
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pipe surface at various distances from middle of pipe for 
the following conditions: C, time 168 hr; D, infinite time, 
t.e., steady state; E (straight line), infinite pipe, 168 hr; F, 
time 168 hr; G, steady state; H, infinite pipe, 168 hr; I, time 
168 hr; J, steady state; K, infinite pipe (same as E); L, time 
168 hr; M, steady ao N, infinite pipe (same as H). For 
soil constants see Fig. 


same equations, however, will show that with the addition of more pipes to the same 
trench the efficiency falls off markedly. This is well shown in Fig. 8 where the tem- 
perature differential is plotted for an isolated 1 in. pipe, for each pipe in a hairpin 
loop with the pipes 30 in. apart, and for each pipe in two such loops 30 in. apart. 
In the latter case each pipe is 30 in. distant from two similar pipes absorbing heat 
at 1 Btu per (hr) (linear ft) and 42.4 in. from a third. The temperature of any one 
pipe can accordingly be calculated as in the previous paper? as the sum of the effects 
of line sources at distances of 0.5 in., 30 in., 30 in., and 42.4 in. 

(b) Flat grids. A closely-spaced (perhaps a foot or so between pipes) flat grid 
becomes effectively a flat plate, whose treatment has already been given. It has 
occasionally been suggested that pipes might be wound about the foundation of a house 
(with suitable insulation next to the wall) or located under the basement floor. Equa- 
tions 1 and 2 would show that such a grid is relatively inefficient and it is, moreover, 
open to special serious practical objections based on freezing of ground. 
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(c) Star Grids. In such a grid, the loops, each more or less in a vertical plane, 
radiate out like the points of a star from a central header. Success could not be pre- 
dicted for such a grid because of the small volume of soil with which it is concerned. 
Such reports as are available indicate that such grids are unsatisfactory. 

(d) Pipe Helixes. A closely-wound helix becomes, effectively, a pipe of the diame- 
ter of the helix. The considerations brought out in the previous section would indicate 
that this is likely to be a waste of pipe and little more effective than a single pipe 
of the same overall length and diameter as the helix. 
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® Temperature differential AT = 1 deg. For soil constants see Fig. 1. 


(e) Pipe with Laterals. Since the end of a pipe operates at a smaller temperature 
differential (see Fig. 6) for a given transfer rate than the rest of the pipe, a long 
pipe with a large number of short (e.g., 3 ft) laterals might have possibilities. 

(f) Vertical Pipe Grid. Wagley11 and Randolph have been testing§ an ingenious 
grid made up of some forty 10 ft lengths of 3 in. (3.5 in. O.D.) iron pipe installed 
vertically with the aid of a pole-setting digger. These were arranged in four rows 
of 10 pipes each, the alternate rows being staggered, with a spacing between the pipes 
of 9 ft 3 in. This meant that, except at the ends of the rows, each pipe in the two 
inside rows was at a distance of 9 ft 3 in. from each of six similar pipes. The plot 
of ground used was approximately 40 X 75 ft. 

A series of measurements had been made with thermocouples at different depths 
in the ground before the pipes were installed. These gave an annual temperature 
range of 34 deg at a depth of 2 ft and 4 deg at 22 ft. From these measurements, 
using the equation? (p. 47), 


§ Results of tests used by permission. 
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which expresses the range at any depth x in terms of the surface range 27. (To = 
amplitude or half temperature range at surface) the diffusivity a, and the period P 
of 8766 hr (one year), the diffusivity of this soil may be calculated as 0.028. (It 
is unnecessary to know the surface range because measurements were taken at two 
different depths). Assuming average values for c as 0.30 and p as 105 the value 
of k is 0.88. Calculations based on temperature lag for different depths give prac- 
tically the same value for a. These values will therefore be used as the thermal 
constants of this soil. 

In a recent all-winter test heat was extracted at an average rate of about 35 Btu 
per (hr) (foot length of the 3.5 in. pipe) for a period of some months, and in 3 


4 
a 
3 
8 
op - SOlt 
HAIRPIN LO 
ATED PIPE 
L 
< 
< 
DOUBLE Toop - A 
a 
A 
HAIRPIN LOOP SOIL 
ISOLATED PIPE - SOIL_A 
fe) 
0) 20 40 60 80 100. +120 140 160 180 200 


TIME DAYS 


Fic. 8. TEMPERATURE DIFFERENTIAL FOR ISOLATED PIPE, 
Loop, DouBLe Loop at CoNSTANT TRANS- 


FER RATE® 
a Transfer rate Q’ =1 Btu per (hr) (linear ft). Pipes 1 in. diameter, 
30 in. apart in loop and the two loops 30 in. apart. 


months this resulted in a 30 deg drop at the pipe surface, bringing it several degrees 
below freezing. Using the given soil constants, the temperature differential for an 
isolated pipe of this size is at once calculated from Table 2 and Equation 10 (or 
from Equation 9 if desired) as 27.7 deg. However, since each pipe in this test was only 
9.25 ft distant from 3.7 (average) other pipes, calculations (Equation 9 must be 
used here) give an additional drop of 9.3 deg making a total drop of 37 deg. When 
it is remembered that no account has been taken of the latent heat released when the 
freezing point is reached, also that moisture migration in the soil will improve the 
conductivity near the pipes and hence lessen the temperature drop, it must be con- 
sidered that the calculation is in satisfactory agreement with the measured value of 
30 deg. 

In the tests reported so far only half of the total grid of 40 pipes has been used. 
When all are in operation at this same rate a few degrees greater temperature drop 
may result from the proximity, for any one pipe, of more neighboring pipes. 
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GROUND TEMPERATURE RECOVERY 


When a large block of soil is chilled by heat extraction in winter some 30 deg 
or more below its original temperature, as in the installation just described, the 
question of its temperature recovery in summer becomes an important one. 
Some approximate calculations may be made assuming that such recovery will 
result from the heat inflow at the ground surface and from the surrounding 
soil, and neglecting any heat returned as a result of summer operation. 

A block of soil is assumed to be 40 X 75 ft in area and 14 ft deep, and having 
the thermal conductivity constants (k = 0.88, a= 0.028), chilled to AT below 
the initial soil temperature (which is perhaps 50 F) and in contact with soil at 
this original temperature. Assume also that the upper surface is held at this 
50 F temperature. The temperature recovery which might be expected in five 
months is desired at a point in the middle of the long dimension of the block 
3 ft from the longitudinal center line and 10 ft below the surface. 


The equation which applies here® (p. 181) is 


3 37.5 p 17p 10) 
Ve — 37.5 p SJ—23p —4p 10p 


Here AT is the maximum temperature differential or maximum departure from 
the original 50 F and A’T is the departure after 5 months of recovery. The 
quantity p 1/2\/at = 0.0494. This equation gives on solution (which is not 
as difficult as it looks), A’T/AT = 0.14. This means that the final departure 
from the original 50 F is only 14 percent of the maximum departure of say 
30 deg, or a recovery of 86 percent. Other points in the block would, in general, 
show a better recovery, which might average 90 percent or better for the block 
as a whole. For a block 20 X 75 X 14 ft the central point (7 ft deep) would 
show a 93 percent recovery. As a matter of fact, recent measurements!! in such 
a block indicate this relatively complete recovery. 

If the 400 ft of 3 in. pipe had been installed in 20 ft lengths in a block 20 X 
75 X 24 ft deep, the recovery would not have been quite so satisfactory. For a 
central point 16 ft below the surface it might have been 82 percent. For a con- 
tinuous (i.e., infinite) slab 24 ft thick the recovery for such a point would 
be about 65 percent. 

The matter of summer temperature recovery has an important bearing on the 
optimum pipe length for a grid of this sort. Since the surface is the most impor- 
tant factor in the recovery, a block of area larger than, say, 60 X 60 ft should 
not go much deeper than 24 ft. Long narrow blocks would show better recovery 
than square ones, 7.e., a block 30 X 120 ft would be better than one 60 X 60 ft. 
If any one horizontal dimension is longer than about 60 ft it is immaterial how 
long it is; i.e., blocks of 30 X 70 and 30 X 500 ft would show about equal re- 
covery. 

In this discussion there has been assumed a sharp initial temperature dis- 
continuity at the edges of the block at the beginning of the 5 month recovery 
period. This, of course, would be far from the real case. The actual recovery, 
taking this into account, would be a little less than that calculated, but the com- 
parisons would still hold. It is also to be noted that summer ground surface 
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temperatures would generally run higher than the 50 F assumed here, making 
for more complete recovery. 


EFFEcT oF IcE FoRMATION 


The theory here is somewhat involved and will be reproduced only in bare 
outline. Following the general reasoning of the Neumann ice formation treat- 
ment? (p. 191) results in the equation 


aT; aT» _ 


which expresses the fact that at the surface of the cylinder of frozen soil of 
radius R about the pipe, the difference between the rates of heat flow from 
this cylindrical boundary towards the center and into this region from the sur- 
rounding soil, is the rate of release of latent heat. L is the heat of fusion per 
unit volume of the soil. 

Combining this reasoning with that of the line source Equation 9, it can be 
shown that 


R=2Vbt ....... (20) 
where } is a constant. Also that 


To — Tr 


and 
J 


where k,, a; apply to frozen and k,, a, to unfrozen soil. T, is the initial soil 
temperature, taken as 50 F, 7, the temperature at any radius 7 inside the frozen 
cylinder, and 7, the freezing temperature. J is the line source integral in Equa- 
tion 9. 

In illustrating the use of these equations it is assumed that a cylinder of 1 ft 
radius (i.e., R= 1) of frozen soil is formed about the pipe in 6 months (4383 
hr) of operation in soil A, with a heat of fusion of 3672 Btu per cu ft (1.e, about 
25 percent moisture). Equation 20 then gives b= 5.70 X 10°5. Substituting for 
b in Equation 21 and assuming that a; = ae = 0.0261 and ky = kp = 1.2, QO’ = 
51.4 Btu per (hr) (linear ft) under these conditions. Without freezing, the 
use of the simple line source equation shows that to produce in soil A, initially 
at 50 F, a temperature of 32 F at r=1 ft in 4383 hr requires that Q’ be 48.8 
Btu per (hr) (linear ft). 

There is a simple way of checking this result. Neglecting the relatively small 
volume of the pipe, the volume of the frozen soil per foot of pipe for R= 1 is 
3.14 cu ft, giving a total heat release for absorption by the pipe of 11,540 Btu. 
If released at a uniform rate over 6 months this would give 2.6 Btu per (hr) 
(linear ft) as the contribution due to freezing, which is just the difference be- 
tween the two results calculated above. 
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Perhaps the greatest interest centers about calculations of the pipe surface 
temperature with and without freezing considerations. Using Equation 22 with 
a 2 in. pipe (r= 0.0833 ft), and with Q’=51.4, T,;= 32 F, and DB as calcu- 
lated above, will give T= 15.1 F. Neglecting freezing considerations and using 
the line source Equation 9 gives AT = 35.9 below the initial 50 F, giving a 
pipe temperature of 14.1 F. 

An independent check on this temperature of 15.1 F is obtained by remem- 
bering that of the 51.4 absorption rate assumed here only 48.8 comes from the 
soil, the remainder being furnished by the heat of fusion. It would then be 
expected that if QO’ = 48.8 is used in Equation 9, a temperature not far different 
from 15.1 F should be obtained. As a matter of fact, this procedure gives 15.8 F. 

It may be concluded, then, that freezing considerations make relatively little 
difference in such pipe temperature calculations. As will be shown later it is 
probable that the moisture migration towards the cold pipe is a larger factor 
than the ice formation. It is also probable that the frozen soil has a slightly 
higher conductivity than the unfrozen and that this should enter into the calcu- 
lations. This is in agreement with the conclusions of Coogan??. 


EFFect oF MoisturRE MIGRATION 


As already mentioned, it is well known that there is a diffusion of moisture 
from warmer to cooler regions in the soil, perhaps due to vapor pressure dif- 
ferences. This increases the moisture content near a heat-absorbing pipe, with 
some increase, in general, in thermal conductivity. The diffusivity would not 
be expected to change as much since additional moisture would increase the 
specific heat as well as the conductivity. A rough calculation of the effect of 
such moisture increase on pipe temperatures will be attempted. 

The expression for the temperature gradient near a line source or a small 
pipe is? (p. 147), 


8) 
If this gradient is plotted as a function of r and integrated to obtain the area, 
the result is an expression which reduces at once to the line source integral of 
Equation 9. In other words the area under the curve gives the temperature 
differential. Accordingly, if it is assumed that the conductivity only is changed 
by the moisture increase and that the diffusivity is relatively constant (in any 
case it is a somewhat secondary factor), the new gradient may also be plotted 
by reducing the original gradient by the ratio of the old and new conductivities. 
The area under the new curve gives the new temperature differential for a pipe 
absorbing heat at the same constant rate Q’. 

Fig. 9 illustrates this. The solid line is a plot of the gradient at the end of 
six months for a 2 in. pipe in soil A where Q’=1. The area under this curve 
gives AT = 0.70 F at the surface of the pipe, which is just the value computed 
from Equation 9. If it is assumed that moisture migration doubles the conduc- 
tivity at the pipe, increases it by 50 percent at a distance of 1 ft and is of negligi- 
ble effect beyond 5 ft, the dotted curve is obtained and the area under it indicates 
a AT at the pipe of 0.54 F. 

When considering the influence of one pipe on another as in neighboring loops, 
the effect of moisture migration will be secondary. The time required to reach 
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the assumed moisture densities is also a factor to be considered, although it is 
believed that it will not greatly alter the final temperatures. 


EFFECT OF UNDERGROUND WATER MOVEMENT 


It is probable that for a horizontal pipe buried 6 ft or so underground and 
with a layer of frozen soil above, as in winter operation, underground water 
movement rarely comes into account. For vertical pipes and greater depths, how- 
ever, there may be a slow drift of water which may vary from negligibly small 
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moisture ‘migration. 


values to several feet per day. Because of low velocities and small interstices 
between the soil grains this flow is non-turbulent.!% 

If measurements by the Slichter!4 or other method indicate such water move- 
ment, it is of interest to know about what effect this might be expected to have 
on the temperature of a pipe exchanging heat at a given rate. Anything like 
an exact calculation would be very difficult, but some idea of the order of mag- 
nitude for the very small velocities most frequently encountered may be reached 
in two different ways. 

The first is by the use of a treatment® (p. 224, Equation 3) based on relative 
motion between the heat source and the medium, a method which would probably 
give too large values for the effect. Graphical evaluation of the equation for a 
flow velocity of 0.01 ft per hr in soil A indicates that, after a few months of 
operation, AT for a 2 in. pipe would be 20 percent less than for the same pipe 
with no water movement. Calculations for higher values of the velocity are 
much less certain but they indicate that for 0.1 ft per hr the reduction might 
be by a factor of 5. 
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In the other method a 2 in. pipe is assumed to be extracting heat from the 
soil at a rate Q’ of 40 Btu per (hr) (linear ft) for two months, giving a cer- 
tain easily-calculated temperature distribution in the soil about the pipe (soil A, 
with the assumption that 30 percent of its weight is water). Now let the water 
flow slowly through this region, adding as it does so, a certain amount of heat 
to each zone about the pipe. This will give a larger Q’ for a given AT than 
would otherwise be the case. Calculations indicate for a flow velocity of 0.01 ft 
per hr an increase of 19 percent in Q’ and for 0.1 ft per hr, 79 percent. While 
the discrepancy between the results obtained by the two methods of calculations 
is large for the higher velocity, the results for the other are in good agreement. 
It may be concluded that water movement gives an effect of the order of 20 
percent for a velocity of 0.01 ft per hr and is relatively negligible for much 
smaller velocities. 


Sort Conpuctivity MEASUREMENTS 


It is obviously desirable to be able to determine the thermal conductivity and 
diffusivity of the soil in a given location. To be of value this should be done 
with an absolute minimum of soil disturbance because of the effect of any digging 
up and repacking in lowering the conductivity. 

Perhaps the best method is that mentioned in (f) of the previous section on 
pipe grids whereby thermocouples give the temperature at different depths 
throughout at least one whole year. To meet the need for quicker action the 
British Electrical and Allied Industries Research Association'® has developed 
a method using a buried copper sphere 9 in. in diameter (they have also used 
a cylinder), to which electrical energy is supplied until a steady state is reached. 
Measurement of its surface temperature then allows (by Equation 5a) a cal- 
culation of the soil conductivity and simple determinations of specific heat and 
density then give the diffusivity. The objections to this method are the neces- 
sary soil disturbances, the time required for the attainment of the steady state 
(this might perhaps be shortened by the use of Equation 5), and—most im- 
portant of all—the fact that the soil would be somewhat dried by the heating 
and accordingly might give lower than normal values of the conductivity. 

To obviate some of these objections it is suggested that a cylindrical slightly 
tapered calorimeter be used with guard rings above and below, that it be kept 
at a lower temperature than the surrounding soil (using melting ice as a meas- 
ure of the heat abstracted), and that the transient rather than the steady state 
be used, applying in the calculations the foregoing Table 1. The authors hope 
to give this method a trial in the near future. 


CoNCLUSIONS 


1. Planar exchangers and roughly spherical cavities are both inferior to the rela- 
tively isolated pipe, on the basis of exchanger rate per unit area. 

2. On this same basis a small pipe is more efficient than larger ones. 

3. In the matter of pipe grids, such forms as flat grids, star grids, and closely-wound 
pipe helixes are all of questionable efficiency. A hairpin loop with the two parts well 
apart in a trench should show good efficiency, which would be lowered, however, for 
two such loops in the same trench. The long pipe with many short laterals is worth 
— and the grid made up of vertical well-separated pipes has good possi- 

ilities. 
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4. Lack of ground temperature recovery in summer need not be a concern unless 
a large block of ground deeper than some 20 ft has been cooled by winter operation. 

5. Freezing of moist soil about the exchanger pipe will retard the cooling of the 
pipe somewhat, but the effect is not large, being of the order of approximately 10 
percent, which accordingly will increase only slightly the efficiency of winter operation. 

6. The effect of moisture migration to the cold pipe will increase the soil conduc- 
tivity and accordingly lessen the temperature gradient near the pipe and therefore 
lessen the pipe temperature differential. This would tend to increase heat pump 
efficiency. 

7. Underground water movement becomes of notable importance only when the 
velocity exceeds 0.01 ft per hr. 
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SYMBOLS 


a = thermal diffusivity = k/ec, square feet per hour. 
8, y,¢ = variables of integration. 
e = density, pounds per cubic foot. 
c¢ = specific heat, Btu per (pound) (Fahrenheit degree). 
e = Naperian base of logarithms. 
I (x) = line source integral. (See Equation 9). 


k = thermal conductivity, Btu per (hour) (square foot) (Fahrenheit degree 
per foot). 


L = latent heat of freezing of soil, Btu per cubic foot. 
Ly = length of (short) pipe, feet. 
= rate of heat flow, transfer, or absorption, Btu per hour. 


Q’ = rate of heat transfer per hour per linear foot of pipe, Btu per (hour) 
(linear foot). 


r = distance from center line of pipe or cavity, feet. 

R = radius of pipe or cavity, feet. In the discussion of ice formation, R is the 
radius of the cylinder of frozen soil around the pipe. 

t = time since start of operations, hours. 

T = temperature at any point, Fahrenheit. 


AT = temperature differential or difference between the temperature of surface 
of exchanger (or other point under consideration) and initial soil tem- 
perature, Fahrenheit degrees. 


w = rate of heat flow or transfer, per unit area, Btu per (hour) (square foot). 
Jo, Ji, Yo, and Y; of Equations 8 and 11 are Bessel functions. 
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DISCUSSION 


G. B. Priester, Baltimore, Md.: The authors are to be complimented on offering 
such a fine paper to our industry and profession. Their contribution should be particu- 
larly appreciated, since they are not members of our Society. 

I wish to state that my associates in the Consolidated Gas, Electric Light, and 
Power Company of Baltimore, particularly Drs. Guernsey, Betz and Skau, have found 
the material in the authors’ papers useful and helpful. I want to concur with Profes- 
sor Ingersoll’s suggestion that anyone doing work on using the earth as a heat source 
should carefully review the publications that are available. 


Mert Baker, Lexington, Ty.: From the outstanding work of the authors, I think 
we are aware of the fact that the ground is an excellent heat source. I would like 
to have the author comment on the danger of separation between buried pipes and 
the surrounding soil. Theory indicates that this would be very detrimental. I don’t 
know what effect ice formation may have; however, as water freezes and expands it 
might cause separation. 


W. M. Wattace, II, Durham, N. C.: I would like to ask Mr. Ingersoll if he has 
had any experience using finned type pipe buried in the ground. 


L. F. Deminc*: In the economic analysis of the value of the heat pump, has con- 
sideration been given to the economic life of this underground pipe? How can it 
be protected from corrosion? 


*U. S. Navy, Bureau of Yards and Docks. 
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AutuHors’ Ciosure (L. R. Ingersoll): I should like to thank the discussers for 
their comments. 

Concerning separation, the theory does not say very much about it. I hawe heard 
of a case in which a helix was used resulting in a bad separation that occurred, curi- 
ously enough, in the summertime. That is the only case | have heard of with a serious 
separation. The helix is a rather bad form, and has nothing in theory to recommend it. 

1 do know of a number of cases in which a long, relatively isolated pipe with the 
hairpin loop was found to werk better in the second and third year than it did in 
the first, and that certainly would indicate that there is no permanent separation. 

In reply to Mr. Wallace, two years ago | felt that ordinary pipe was best. Now 
I am not so sure because recent calculations showed the considerable advantage that 
you have from pipe ends. The end of a pipe gathers heat from the whole hemisphere 
of the earth behind the end of the pipe and, therefore, it doesn’t have such large tem- 
perature differentials as the pipe itself. That indicates to me that short, stubby laterals 
would have their advantage. 1 think by the same token that fins might also be a 
good scheme. 

To answer Mr. Deming’s questions, I don’t think any heat pump has been in use 
long enough so that the exchanger has actually shown serious deterioration. I would 
expect great deterioration where electrolysis is possible. However, copper pipe is 
used in plumbing for thirty or forty years. It would appear that it should be satis- 
factory for exchangers. 


J. M. Van NieuKkerKen, New York, N. Y.: The only thing I can contribute to 
this matter of copper deterioration, is that copper tube has been used to a very large 
extent to replace old and badly corroded iron or steel gas service lines, connecting 
street mains and the inside piping of homes and other buildings. In numerous instances 
soit copper tube has been drawn or hard temper tube pushed through the existing 
service pipes being replaced. Many thousands of copper gas service lines have been 


in satisfactory operation since the first one was installed about 23 years ago, without 
any report of trouble, even from locations where, on account of the high sulphur 
content of the gas, some trouble had been anticipated. 

Because of the economy and ease of installing these copper tubes, copper tube 
is today being used also for new service lines and small gas mains in many cities. 

Except in locations where soii conditions are very unsatisfactory, no fear appears 
to be warranted that the copper tube coils laid in the ground for heat exchange pur- 
poses will be the limiting factor in the life of a heat-pump installation. 
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FACTORS USEFUL IN GROUND GRID DESIGN 
FOR HEAT PUMPS 


By G. S. SmitH*, SEATTLE, WASH. 


HE HEAT source or sink often presents a major problem in the use of heat 

pumps. Where neither air nor water can be utilized, a grid of tubing buried 
in the earth has often been found satisfactory. On the other hand such grids have 
often partially or completely failed because of improper size or design. This is 
not surprising since the ground grid presents a new field of heat exchange design 
and little is known of the factors involved. 

Several experimental studies of this problem have already been made or are 
now in progress. Perhaps no one study can result in information which can 
be generally used, since each will be influenced by the climate, locality, type of 
soil, methods, or apparatus used. However, an accumulation of such information 
will indicate trends and produce averages sufficiently accurate for most design 
purposes. Workers in this field of research should be continually aware of the 
need to present their results in such a manner as to be adapted by designers in 
any locality. 

At the outset, the intent of the present study was to determine, first, soil 
thermal conductivity, second, undisturbed earth temperatures, and, third, heat- 
collecting coefficients for buried tubing. As the work progressed, many other 
factors became apparent and were included. The results indicate that the ground 
area necessary for any given house in a given climate, is the most important 
factor, whereas, the heat-collecting coefficients are important mainly in deter- 
mining the minimum length of tubing needed to collect the heat. 

The proper design of a ground grid requires information on a number of items. 
Those probably most important may be listed in the following order: 

First, a reasonably accurate knowledge of the maximum thermal units per unit 
time necessary for heating or cooling of the structure to be conditioned. This can 
be quite readily calculated from the house plans and Weather Bureau data, using the 
standard methods proposed by THE AMERICAN SoclETY OF HEATING AND VENTILATING 
ENGINEERS. 

Second, a knowledge of the soil characteristics. This includes type of soil, its natural 
density, the moisture conditions at various seasons, and covering such as grass, ete. 
Any subsurface moisture migration will generally add greatly to the effectiveness of 
ground grids unless too many neighboring systems are in use. The major portion 
of the experimental work and results on soil characteristics has already been presented 


* Professor of Electrical Engineering, University of Washington. 


Presented at the 57th Annual Meeting of THe AmerIcAN Society oF HeatTINc AND VENTILATING ENGI- 
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in a paper recently published.1 Later work still in progress has contributed little 
besides confirming the published results. 

Third, reliable information on the heat transfer coefficients for buried tubing at 
various spacings, time of continued operation, etc., plus some knowledge of the effect 
of the surface films, and moisture migration due to temperature differences. 

Fourth, the average number of hours of actual operation during the heating or 
cooling season. Such information will aid in selecting proper transfer coefficients, 
as well as in determining the total heat consumption for the year. 

Fifth, annual heat absorption per square foot of soil area, resulting from the sun’s 
radiation, plus that carried in by the rainfall. A small amount of heat for ground 


Fic. 1. PartraL View oF Test EQUIPMENT 


coils may be supplied by the earth’s interior heat, though the distance of travel is 
so great that such an increment should probably not be relied upon except as a 
safety factor under extreme conditions. 


This report will attempt to present information or methods of obtaining infor- 
mation on most of these items except the first and second. 


DESCRIPTION OF METHODS AND APPARATUS 


The determination of the heat transfer coefficients was approached primarily 
by theoretical calculations and checked experimentally. 

Some workers have used the method of images as a means of calculation. 
This assumes the earth’s surface as a constant temperature plane half way 
between the tube and its reflection at an equal distance above the surface. The 
curves proposed in this paper are based upon Fourier’s heating equation which 


1 Exponent numerals refer to Bibliography. 
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assumes all points at an infinite distance from the tube to remain at a constant 
temperature. Neither method represents an accurate solution of the actual case, 
and both present results more nearly accurate as the depth of the tube below 
the earth’s surface is increased within the limits used in heat pump work. 
The equipment used for this study consisted of a 2-hp compressor with the 
necessary equipment to supply a buried grid of tubing with F-12 gas at any 
head or suction pressures desired within the range utilized by heat pumps. Fig. 1 
shows a partial view of this equipment. The quantity of F-12 flow was measured 
by means of a calibrated rotometer used on the high pressure side where the 
reirigerant is still in a liquid state. The building housing this equipment was 
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Fic. 2. Layout oF TUBING IN GrouND GRID 


well heat insulated and provided with a ventilating fan, as well as an electric 
heater, each controlled by a thermostat so that the room temperature could be 
controlled at any desirable point within a normal range and kept relatively 
constant. The temperatures of the tubes as they entered the soil, as well as those 
of the outside air, room air, etc., were recorded continually during tests by means 
of a temperature recorder, with resistance-type thermometers. 

Fig. 2 presents the plan and cross section of the tubing, indicating the posi- 
tions of the various loops, their lengths and depths. Each loop has a cutoff valve 
at either end, and the group is fed by means of a header carefully designed to 
equalize the flow for all loops. The loops were so placed that parallel tubes at 
a variety of spacings could be selected for group operation. The outgoing and 
incoming ends, as well as the field crossovers, were well insulated with mineral 
wool against heat transmission to the point where the ground measurements 
were to begin. One-half-inch outside diameter copper tubing was used for all 
of the loops except two, and these were provided with 34-in. tubing. The major 
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group was placed at a depth of 4 ft; however, two of the loops were placed at 
a depth of 6 ft. 

An unusually elaborate system of copper constantan thermocouples were lo- 
cated in a vertical plane, the position of which is indicated in Fig. 2. A vertical 
section showing the tube positions and also the various thermocouple positions 
is shown in Fig. 3. The thermocouples were located very accurately, and held 
in the proper position with respect to the tubes by means of light wood strip 
jigs. Thermocouples were also soldered to the various tubes at intervals along 
their length in such a way that the point of superheating of the gas in the tube 
could be determined. All couples and leads were well protected with a special 
synthetic rubber paint and finally by a coating of glyptol varnish. 

Temperatures were determined by means of a potentiometer located in a small 
temperature room, which was held at a constant temperature by electric heat. 


12° 

. EACH CROSS (¢) INDICATES THE POSITION OF A 
THERMOCOUPLE. A THERMOCOUPLE IS SOLDERED <z 
TO THE SURFACE OF EACH TUBE IN ADDITION 
TO THE SOIL THERMOCOUPLES SHOWN. 


Fic. 3. THERMO-COUPLE LAYOUT 


Soil moisture was determined by periodic sampling, though later a moisture 
cell of established calibration was used. 

To determine the normal undisturbed earth temperatures at various depths 
and seasons, a station with 6 thermocouples at depths of from 1 to 10 ft was 
located about 50 ft from the test grid. Another such station was located in the 
back yard on the south side of the author’s home about two miles from the test 
site. A third master station was located more than a quarter-mile away, and con- 
sisted of 12 resistance-type thermometers spaced from 1 centimeter to 15 meters 
below the surface. These temperatures together with air temperatures were 
recorded continuously. 

The length of this report will not permit a complete report on the data col- 
lected from these temperature stations, and reference will be made to only cer- 
tain portions of the results. A report on another phase of this study is in progress 
which will elaborate these data. 


Heat TRANSFER COEFFICIENTS 


For the actual design of a ground grid the rate of heat flow from soil to tube 
or the reverse, for any given set of conditions, is probably the information most 
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useful. This interchange of heat is a function of the tube diameter, tube surface 
conditions, the soil and refrigerant temperatures, as well as soil characteristics. 
Ingersoll and Plass* have applied the solution of Fourier’s differential equation 
for the flow of heat to or from an infinitely long straight line source. This theory 
appeared most logical for use in our study. Thus, by using the Equation 1, 


(1)* 
k (r/2V/ at) . . . . . . . . . . . 
the curves in Fig. 4 are obtained. Although these apply only in the case of 
a single infinite tube, they are basic in such a study. 


Ai ~ Y=HEAT UNITS PER HOUR PER UNIT LENGTH PER DEGREE F 

| CONSTANT RATE OF HEAT PER 

| 
+ “costa — TEMPERATURE - 

TH: 2 TESTS BELOW FREEZING =: 


Fic. 4. Herat TRANSFER COFFFICIENTS—SINGLE ISOLATED 
Tuse; FuLL AND BROKEN LINES CURVES FROM CALCULA- 
TIONS; Points INDICATED ARE FROM TESTS 


The broken line curve indicates the relation of U/k and At, assuming the 
tube is kept at a constant temperature, while the unbroken line curve gives the 
similar relation when the heat withdrawal per unit length of tube is assumed 
constant. While neither curve accurately represents the field conditions, the line 
curve approaches the actual case very closely. 

The coordinates U/k and At may at first appear confusing; however, a little 
study will reveal the logic of their use. Such plots can be used for any case 
where the conductivity and diffusivity of the soil is known, and after a given 
size of tubing has been selected. Curves plotted as U against t can be made only 
for a given type of soil and size of tube. With known soil characteristics and 
a given size of tubing, U and ¢ are easily determined by multiplying each ordi- 
nate by k and each abscissa by r?/a@. In most cases k will vary between 0.4 and 
unity or more. For a ¥% in. tube and a= 0.02 the ratio of r?/a= 0.0217. For 
a one-inch tube the ratio would be four times as great. 

The test points indicated in Fig. 4 are from experimental runs on a single 
loop with the return tube at such a distance that the tube can be considered an 


* See list of symbols. 
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isolated tube. The points following the curve, and in most cases below, were 
taken with a tube temperature a little above freezing. The points ranging well 
above the curve were taken with the tube temperature somewhat below freezing 
and indicate the increased withdrawal of heat due to the added heat of fusion 
while freezing the soil moisture. Once this heat of fusion is absorbed the points 
would again fall back to, or near the curve. 


SYMBOLS 


A = area, square feet. 
I (8) — I 
(8) — 22 (68) + J (268) 
a = thermal diffusivity = k/cp square feet per hour. 
8 = spacing ratio Z/r. 
c = specific heat, Btu per (pound) (Fahrenheit degree). 
at 
r2 
2 


e = Naperian base of logarithms. 


I(x) = eB gg 
k = thermal conductivity; Btu per (hour) (square foot) (Fahrenheit degree 
per foot). 
n = number of tubes. 
P = duration of the sinusoidal temperature variation, hours. 
Q: = flow of heat per unit length of tube, Btu per foot. 
Q2 = flow of heat per unit surface—Btu per square foot. 
= radius of tube in feet. 
T = temperature Fahrenheit degrees. 
T) = maximum value of the annual sinusoidal temperature change. 
AT = temperature differential, Fahrenheit degrees. 
t = time in hours. 
U = rate of heat transfer, Btu per (hour) (lineal foot). 
U,, U2, Ue = rate of transfer per number of tubes indicated by subscript. 
e = density of soil in pounds per cubic foot. 
Z = distance between tube centers, feet. 


Most check tests were carried on continuously for twenty-four hours or more. 
The value of k for these check points was in each case determined by the change 
in temperature per unit distance away from the tube surface by means of the 
following : 


2x — 


The values of k thus determined are somewhat lower than those determined by 
the thermal conductivity tests since those calculated by Equation 2 account for 
a film coefficient in addition to the true conductivity. 

The heat-flow equation may be modified, by means of the method of super- 
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position, for use when two, three or more tubes are used in parallel at any given 
spacing ratio 8. For three tubes in parallel the equation is: 


Qn 2a +1 


k ~ ~*~ 3 
and for an infinite number of tubes: 
Ve 
1(3) +2 I (nga) 
n=1 


Fig. 5 shows the theoretical curves calculated for three tubes operating in 
parallel at spacing ratios of B= 24 and 48. The points indicated are those 
found by experiment. 

In general a grid cannot be constructed so as to be considered a single tube 
and in most cases would be greater than two or three parallel tubes. Rather 
than to attempt to derive a formula for the desired number of parallel tubes, 
two sets of curves were prepared. These are presented in Fig. 6, giving the 
ratios of heat transfer of three parallel tubes to that of a single tube in line 
curves, and the same ratios for an infinite grid to a single tube in broken-line 
curves. If the tube-spacing ratio is reasonably large and the time factor not 
too great the amount of heat extracted by a unit length of tube for a given set 
of conditions can be interpolated as accurately as other necessary factors can 
be determined. 


TuBE SURFACE CONDITIONS AND MolstuRE MIGRATION 


During the studies to obtain heat transfer coefficients as well as those on soil 
thermal conductivity, the temperature gradients in the soil near the metal sur- 
faces were found to be abnormal as compared to those in the main soil volume. 
This non-linear temperature gradient will decrease, to some extent, the heat 
flow into the tube. In order to study this effect in more detail, a special soil 
container 7 in. in diameter and 21 in. long was used, with the covers or ends 
made of insulating board. A copper tube of the desired diameter and full length 
of the container was placed at the center of the container, and a second tube, 
14 in. in diameter, within this. A special fitting was made to carry the cooling 
liquid up through the 1%4-in. tube and let it return through the larger tube. 
Thermocouples were arranged to measure carefully the ingoing and outgoing 
liquid temperatures, and the liquid quantity was measured by timing and weigh- 
ing the flow. Within the soil body a light plastic strip held thermocouples at 
definite distances between the tube and container walls with spacings as small 
as 1/16 in. near the metal surfaces. Thermocouples were also soldered to the 
tube and container surfaces. 

Fig. 7 shows plots of the various temperatures at their corresponding distance 
from the center, when a tube of 14-in. in diameter was used. After 914 hours 
running, conditions were very nearly constant. On the cold side the film effect 
extended to less than 1/16 in., while on the outer or warm side a somewhat 
greater distance was involved. When the soil adjacent to the tube was not packed 
carefully the effect often extended to 4 in. or more. 


= 


| 
| 
| 4 
} 
) 
| 
| 
qed 
| 
| 
ae 
| 
| 
| 
a 


196 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


The apparatus was not constructed carefully enough to permit accurate deter- 
mination of thermal conductivity, but by using the k found for this soil by other 
methods, the relation of the true k to the apparent k, can readily be determined. 
This depends upon the slope of the line drawn from the tube temperature, to 
the point on the true soil gradient line at the reference distance chosen. For a 
2-ft spacing of tubes this distance would be 1 ft from the tube center. From 
these tests as well as from observations on the heat-transfer tests, the apparent 
conductivity up to a one-foot radius dropped on an average of 5 percent to 10 
percent below the true conductivity. For a lesser radius the difference would 
be greater and for a greater radius the difference would be less. Time has not 
allowed an investigation as complete as can be desired, but from the various 
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Fic. 5. Heat TRANSFER COEFFICIENTS FOR THREE PARAL- 
LEL TUBES; CURVES ARE FROM CALCULATIONS; Points INDI- 
CATED ARE FROM TESTS 


tests made, the same general conditions seem to prevail rather closely for various 
soils, and tube sizes. A larger heat withdrawal appeared to increase the effect 
slightly. 

No direct effort was made to determine moisture migration. However, its 
effect could be detected in the various laboratory tests and probably accounts 
for the larger surface effect at the warm surface. In ground grid work moisture 
migration will generally aid in heat absorption for space heating, but would 
reverse its effect for space cooling. 


OrHER Factors AFFECTING GRID OPERATION 


The major experimental work was made at a depth of 4 ft. A preliminary 
installation at 2 ft was first used, and a few runs were carried out at 6 ft. So 
long as the soil is initially at a uniform condition, and the run is not long enough 
to absorb the heat at any relatively great distance from the tube, the results seem 
to check quite closely. In general a tube near the surface will be more quickly 
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affected by the atmospheric conditions above the surface and would be most 
desirable in a temperate climate where the sun’s radiation is available during a 
considerable portion of the heating season. For colder climates and regions 
where the sky is overcast most of the heating season, a greater depth is desirable. 
Probably only in climates where the winter is severe and the summer very 
bright and warm would depths below 6 or 8 ft be desirable. 

The effect of surface atmospheric conditions is clearly indicated in Figs. 8 and 
9. These are plots of constant temperature surfaces about the tube. The lines 
originating at the tube surface which are perpendicular to each of the constant 
temperature curves, indicate the direction of the flow of heat. By spacing these 
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properly each represents an equal increment of the total heat flow. Fig. 8 was 
taken after a 24-hour run during an exceptionally cold spell in January, while 
Fig. 9 was taken after a similar run when the ground was receiving a plentiful 
supply of heat from the spring sunshine. A series of such plots were made and 
offer an interesting means of studying the operating conditions as affected by 
the time of continuous operation by parallel tubes at various spacings, and by the 
atmospheric conditions above the soil surface. 

A perforated tube shown in Fig. 2 was installed about 6 in. above the middle 
portion of the grid at a four-foot depth. During the dry summer season, about 
200 gal of water was dissipated through this tube after 52 hours of continuous 
run when fairly constant conditions had been attained. Within 40 hours the flow 
of heat had increased about 35 percent and was still about 12 percent high after 
286 hours continuous running. This change is largely caused by increasing the 
soil conductivity, but could be partially the result of heat added by water warmer 
than the soil. Rain during the heating season, or moisture during the cooling 
season is almost always advantageous. 
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DETERMINATION OF OPERATING TIME 


The designed size of a heat pump or other heating unit must be based on the 
continuous heat necessary for the assumed coldest day. Operating at this output, 
the unit will be in actual use less and less of the time as the mild weather ap- 
proaches. Hence, a knowledge of the operating time becomes very desirable. 
This can be determined with moderate accuracy by using Weather Bureau infor- 
mation. Thus Table 1 gives from 50 years of records, the average degree days 
for each month of the year at Seattle, Wash. The degree days for the coldest 
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day in January for each of three unusually cold Januaries, were averaged, as the 
average coldest day to determine a degree day factor which would be propor- 
tional to the size of the heating unit needed. Thirty days multiplied by this 
average coldest day would be the equivalent monthly degree days, assuming each 
day equally cold. The actual average degree days for any month divided by this 
heating base value, times 100, will give the percentage time of operation for the 
heating unit. 


From records of four houses in Seattle using heat pumps, the percentage of 
operating time was calculated and is indicated in Table 1. In two of these houses 
the unit was either somewhat larger than usual, or the occupants were very 
conservative with heat. House D appears to have too small a unit as indicated 
by the high percentage of operating time. In general the calculated values check 
reasonably well with actual operation. 
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The success of a ground grid depends as much on the heat available in the 
volume of soil supplying that heat, as it does upon the tube size, spacing, length, 
depth, etc., or even more. The available heat must be supplied by the heat 
radiated from the sun, the heat carried into the soil by the rain, underground 
moisture migration and heat from the earth’s center. If the heat absorbed each 
heating season is not, on the average, replenished each year the unit will, in 
time, fail. 
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Fig. 10 shows a plot of the temperatures near the tube at various periods 
before and during the operation of the experimental unit. Since these were 
taken in July they are somewhat affected by the incoming heat from the sun. 
During the colder portion of the year they would show temperature changes to 
somewhat greater distances. Fig. 10, as well as plots like Figs. 4, 5, 8 and 9, 
indicates that in general the heat does not travel very great distances except 
under extremely long operating times, and then only very slowly. This would 
largely eliminate the heat from the earth’s center since the temperature at 30 
to 50 ft remains at about the average of the yearly temperature above the sur- 
face, and the temperature at greater depth changes only about one degree for 
every 60 ft. This great distance and small temperature differential will result 
in very little heat migration. 

The underground moisture migration might or might not be present. If other 
ground grids were near, it might be of little value or even a disadvantage. This 
leaves only heat from the sun and rain. To determine how much of this heat can 
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be utilized by the ground grid would require rather extensive studies and even 
then could be only approximated. 

From the considerable amount of information available from the temperature 
stations described, some rather interesting studies were made, which have 
resulted in some possible guiding limits. 


Again using Fourier’s differential equation and the cyclic temperature varia- 
tions during the year, the following formula for calculating the possible heat 
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absorbed by each square unit of soil during the summer months can be derived: 


A 


Where no heat is extracted from the earth, the temperature differential causing 
heat to flow into the soil must be based on the constant temperature at 30 to 50 ft 
below the earth’s surface. Where a ground grid has extracted the heat nearer 
the surface the soil temperature will be at a much lower value. 

Fig. 11 shows a plot of soil-solar-heat absorption calculated by means of 
Equation 5 using a maximum temperature, T,, obtained by finding the equivalent 
sinusoidal temperature difference between the soil surface and the assumed aver- 
age soil temperature. These calculations were carried out using the recorded 
temperatures at the surface of the soil for two summer seasons. Similar calcu- 
lations were found to give approximately the same results by using 71 percent 
of the Weather Bureau’s maximum daily temperatures instead of the actual 
surface temperatures, as an approximate method of analysis, and points are 
plotted to indicate these approximations for the same two years. Fig. 11 also 
presents the possible heat added due to rainfall. This curve was calculated by 
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using the Weather Bureau’s 50 years monthly average rainfall together with 
its corresponding monthly average air temperature, and assuming the moisture 
precipitated has the same average temperature as the air. The procedure in 
obtaining the curves in Fig. 11 will be fully presented in the paper previously 
mentioned, 

There is no intention to intimate that the suggested method of arriving at 
the available stored heat is accurate and of course the figures presented apply 
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only to the test site. In sections of the country where summer rains are frequent 
and the surface temperatures due to solar radiation are higher a somewhat 
greater heat penetration will result. 

In most temperate climates any rains during the heating season probably add 
a considerable amount of heat that has not been accounted for in the calculations. 
At any time when rainfall can occur, the temperature will usually be above 
freezing, and with the soil somewhat below normal temperatures because of 
heat extraction, nearly all available heat in such precipitation will be absorbed 
by the soil. At the same time the average monthly temperature might appear 
to be so low that little or no useful addition of heat would be indicated by the 
method proposed. 

A similar argument would apply during the winter months where bright sun- 
shine might radiate a sizable amount of heat to the soil even when the air 
temperatures are rather low. Such additions might well be approximated by a 
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careful study of U.S. Weather Bureau records which present rainfall, and 
sunshine conditions daily. 

Until experience in each locality can determine the approximate amount of 
heat that can be extracted annually per square foot of surface, the method pro- 
posed, or some similar method of analysis might be used to avoid failures. 


SUGGESTIONS FOR APPLICATION OF DATA 


The design of a ground grid at this time still requires a number of assump- 
tions which must be based upon the best information available. This study seems 


TasBLE 1—Heat Pump OPERATING TIME IN PERCENTAGES FOR SEATTLE 
(Based on Averages from 1900-1950 Weather Bureau Records at Seattle, Wash.) 


PERCENT OF TIME OPERATING 
PERCENT 
MONTH DEGREE oF TIME Hours House 
Days OPERATING *| OPERATING 

A B D 
| 763 60 446 29 35 55 93 
635 50 360 31 54 50 69 
Mar 590 46 324 22 35 33 61 
Apr 434 34 224 19 22 31 
289 22 163 10 9 9 
June...... 157 12 86 3 7 1 
July 65 5 37 0.6 3 1 
Aug....... 68 5 37 1 3 1 
Sept....... 169 13 93 3 5 8 
Oct 365 29 215 11 20 
Nov....... | 556 43 301 22 29 43 42 
704 55 409 27 29 61 81 
Total..... | 4795 2695 


a Percent based on continuous operation of units for the average coldest day in the three coldest 
Januaries during the last 50 years, not including 1950. 
Maximum January degree days = 41.3 K 30 = 1239. 


to indicate that the safest method of determining the adequacy of a given plot 
to supply a given heat load, is to calculate as nearly as possible the amount of 
heat it will probably absorb during the summer season and depend upon this 
stored heat for the major portion of the heating season. In most climates some 
heat due to the sun’s radiation, as well as precipitation, will be available during 
most of the year, and especially in early autumn and later spring, even while 
heating is still required. 

To illustrate some of the possibilities, assume a 10,000-Btu per hour increment 
as a basic heating unit for a home in Seattle. The major heating period might 
be considered from October 1 to April 1. Before and after those datgs the 
additional absorption of heat due to the presence of a ground grid would proba- 
bly supply the heat necessary. Between those two dates only the stored heat 
would be assumed available, though actually some useful heat may still be added 
by the sun’s radiation or rainfall. From Table 1 this would require a total heat- 
ing time, October 1 to April 1, of 2055 hours or 20,550,000 Btu of heat. Assume 
the average temperature of the body of soil involved will drop to 40 F. Fig. 11 
shows that the stored heat due to the sun’s radiation would be 9,500, and that 
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due to precipitation, 1500 Btu or a total of 11,000 Btu per square foot of soil 
surface. The area required for this heating unit would then be slightly over 
1875 sq ft or a strip about 19 by 100 ft. 

Next a grid for this plot must be designed of such tube length and spacing 
that it will absorb the desired amount of heat per hour under the most adverse 
conditions in January. The month of January will require a total of 446 operat- 
ing hours, or operation about 60 percent of the time. Experience from these 
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tests as well as reports from other tests indicate that it requires two to four 
times the actual continuous running time for the soil body to recover, or very 
nearly recover, uniform temperature conditions. Just how far down the transient 
curve of Fig. 4 the usual intermittent operation would carry would be rather 
difficult to determine accurately. However, to assume that this point is well 
toward the portion where the curve approaches the horizontal would appear quite 
safe. This is assumed to be at At = 5,000 and U,/k = 14. 

For the soil conditions during the heating season, assume a sandy soil with 
an average moisture content.of 15 percent, a dry density of 93 lb per cubic foot. 
From the thermal conductivity tests, k would be about 0.95 and a would be 
0.035 if the specific heat of the dry soil is assumed as 0.19. The specific heat 
for the moist soil would then be 0.34/1.15= 0.295. The film or surface con- 
ditions near the tube will have the effect of decreasing the apparent thermal 
conductivity, though moisture migration due to the cooled tube surface would 
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tend to counteract such a decrease to some extent. Since there is no known 
method of determining the accurate extent of these effects, assume the con- 
ductivity has been lowered to 0.85, or about a 10 percent change. This is about 
the magnitude of change found in the experimental work described. 

The heat absorption factor U, for single tube operation would then be the 
product of k and U,/k or 0.85 14=1.19 Btu per (hour) (foot length) 
(degree Fahrenheit). However, to draw upon the total area, parallel tubes must 
be used and the absorption factor will be still further reduced. As a rough guess, 
assume a 2-ft spacing would be possible, and that 1%4-in. tubing is to be used. 
This would give a spacing ratio 6 of 24/0.25=96. The heat-transfer ratio 
curves in Fig. 6 show the ratio at At = 5000, and 8 = 96 would fall near 0.9 
as a mean between that for three tubes and for an infinite grid. Using 0.9 of 
the single tube value 1.19 gives a final design value of 1.1. 

For the highest coefficient of performance, the temperature of the grid should 
be maintained as high as will produce the necessary heat. In theory this evapo- 
rator temperature should be lowered as the average ground temperature drops. 
Difficulties in automatically producing such adjustments will result in either 


TABLE 2—DEeETAILS ON DaTA PRESENTED IN TABLE 1 


| Gross | DEGREE DEGREE 
HEATED HEAT | Days, Days Max. 
House Cu Fr Unit HP SouRCcE YEAR JAN. Day 
A | 10904 3. | Well | 1916 1056 43 
B | 39000 2.5 Grid I 1936 1000 41 
C | 13000 3 Lake | 1937 1032 40 
D 33500 5 Spring i Avg 41.3 


periodic manual changes or a permanent setting for the critical heating period. 
A small amount of freezing about the tube will result in no harm and will pro- 
vide a greater heat pickup per length of tubing as well as some additional heat 
from the heat of fusion of the soil moisture. Let us assume the grid surface 
temperature is dropped to 20 F, which for F-12 would require an evaporator 
pressure of about 21.1 psi. With the previous assumption that the average soil 
temperature would be about 40 F, the temperature differential would then be 
20 deg. This would allow a minimum heat withdrawal of 20 times 1.1 or 22 
Btu per hour per foot. This would require 455 ft of tubing. Five parallel 
tubes in the 20-ft width would allow a 4-ft spacing and this would in turn 
increase the heat-transfer ratio factor to near that for a single tube. Thus 450 ft 
would appear about correct. While this grid may prove to be a little over 
designed, such fault is to be desired until enough practical operating experience 
has been accumulated to afford more accurate designs. 

In general the tubing should not be placed beneath buildings or other close 
coverings since such soil volumes must receive heat replacements from a hori- 
zontal direction and only at the expense of adjacent plots. Severe freezing 
under or near buildings has resulted in considerable damage due to heaving of 
soil. Trees and thick vegetation coverings will also tend to reduce the annual 
heat absorbed by the soil. On the other hand high moisture content and sub- 
surface moisture migration will as a rule greatly add to the available heat. 
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CoNCLUSIONS 


While accurate information for ground grid design is very difficult to obtain, 
and many assumptions must be made, the results definitely indicate that the 
average city lot is too small to support the house usually built thereon. Thus, 
the ground grid is practicable only where larger lots are available, or where 
very special soil, moisture and subsurface conditions are found. Soil densities, 
conductivities, etc., should be carefully chosen since the soil around a newly 
installed grid may require years to attain its original density. The use of vertical 
tubes in holes dug quite deep can be used if the spacing and number are such 
that a sufficient volume is uniformly drawn upon. While the greater depths may 
draw on greater volumes, if the heat is not returned each season the design is 
in danger of ultimate failure unless moisture migration at these greater depths 
assists by drawing from neighboring areas. 

Every effort should be made to add to the present data by careful studies of 
both successes as well as failures where ground grids have been in actual use. 
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DISCUSSION 


R. C. CHEwnino, Portland, Ore. (WritTTEN): In making this criticism of Professor 
Smith’s paper, I would like to make it clear that all comments are based on observa- 
tions of actual heat pump installations, and, while explanations of some phenomena 
are suggested, this is done without any exact knowledge of how and why heat is 
transferred from the ground to a pipe used as the exchanger for a heat pump. 

Between 1945 and 1949 a total of 112 heat pumps were installed in Portland, Oregon, 
and surrounding towns. Of these, approximately 60 have been of the ground coil 
type, 28 of which are still in operation. Some have five years of experience behind 
them. Opinions and suggestions expressed in this criticism are based on general 
observation of the operation of these installations, and a somewhat detailed observation 
and study of one of them selected as the object of a chapter research project. 
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Of 37 ground source heat pumps installed by one contractor, 29 failed because his 
ground coil design was based upon the amount of metal surface required to transfer 
the necessary heat from the ground to the refrigerant with the ground temperature 
remaining constant. Another contractor, Mr. U. G. Smith, realized that the storage 
and heat regain capacity of the ground was limited and spread his coils under a much 
larger area. In this case, 20 of his 23 installations are still in operation. 

With one exception the calculations and factors presented by Professor Smith agree 
very well with the experimental data which he obtained. The exception is the experi- 
mental data presented in Fig. 4 of his paper, in which the evaporator temperature 
was below freezing. In this case the experimental data plotted well above the 
calculated data. Prof. Smith states that the discrepancy is due to heat of fusion 
withdrawn from the soil under these conditions, and that once the heat of fusion is 
absorbed the experimental points would again approach the calculated curves. 
Professor Smith presents no experimental data to substantiate this statement. 

This particular point is discussed here because there is such a wide variance between 
the coil requirements indicated by Professor Smith’s calculations when compared to 
the design of actual installations which have accomplished the purpose intended. It is 
thought that phenomena occuring in the soil surrounding a heat pump ground coil 
when the soil is frozen may explain the difference in theoretical calculations and 
actual operation. 

According to Prof. Smith’s analysis, a home in Seattle with a 10,000 Btu per hour 
basic heating unit, by which I understand a 10,000 Btu per hour design heat loss, 
would require a coil of 450 ft of % in. tubing covering approximately 1900 sq ft of 
ground. The house observed by the Oregon Chapter’s Research committee has a 
38,000 Btu per hour design heat loss and has been maintained at 72 to 75 F for three 
heating seasons by a coil constructed of 1000 ft of % in. O.D. tubing covering 
approximately 2000 sq ft of ground. The coil operates at a suction temperature of 
approximately 20 F during midwinter and freezes the ground for a 6-in. to 12-in. 
radius around the liquid supply end of each coil in the grid. This amount of freezing 
in a ground coil has no ill effects if the coil is properly installed. This installation 
is generally quite similar in design conditions to the other successful heat pump 
installations made by Mr. U. G. Smith. 

Four phenomena which might occur to explain the discrepancies between theory 
and actual operation are: 

1. Freezing of the ground adjacent to the coil causes a considerable reduction in 
the water vapor pressure at the tube in the soil, which results in a movement of 
water vapor and the heat contained in it toward the frozen area. 

2. Freezing of the soil adjacent to the tube creates compressive forces around the 
tube, eliminating, at least partially, the otherwise poor transfer at the surface of 
the tube. 

3. Freezing the soil may tend to increase the k factor of the soil. 

4. When the soil is frozen, the movement of heat from the surrounding unfrozen 
area to the frozen area immediately adjacent to the tube continues unabated after the 
heat pump stops because of the storage effect of the heat of fusion. 

Professor Smith’s method of determining the area or volume of ground required for 
a ground coil is probably more misleading than the amount of overdesign which would 
result from the use of heat transfer factors suggested by him. The fallacy of the 
theory that a ground coil can supply heat only in relation to the quantity which it 
can store during the summer is illustrated in the following example. The example 
also illustrates the relative importance of heat from the sun and heat from rain under 
conditions of actual operation. 

During January, 1949, Portland was subjected to a 16 day cold spell during which 
less than 0.15 in. of moisture fell, the average daily maximum temperature was 
approximately 35 F and the average sunshine was approximately 50 percent of the 
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possible. One of the ground coil heat pumps in Portland started to have trouble. The 
surface of the ground was not shaded, was solidly frozen, and at no time gave any 
evidence of thawing. This was followed by a week during which 6 in. of snow fell 
and remained on the ground. Then came two days with 3 in. of rain and a maximum 
temperature of 49 F. The coil recovered immediately and finished out the heating 
season. The coil in this case covered approximately 1000 sq ft and served a residence 
with a 34,000 Btu per hour design heat loss. The following heating season was even 
more severe and this heat pump was removed. The significant fact is that, although 
the ground heat source was exhausted at the end of January, it recovered and finished 
out the heating season satisfactorily. According to Professor Smith’s recommendations, 
the ground source for this installation should have covered approximately 6400 sq ft. 
It came very close to being satisfactory with only 1000 sq ft. 

Again, a contributing factor in Professor Smith’s thinking on the factor of ground 
heat storage and regain may have been the fact that his experiments have emphasized 
conditions obtained when evaporator temperatures are above freezing rather than 
below it. 


A. K. Em, Cairo, Egypt: I would like Professor Smith’s opinion on the use of 
pipe placed vertically in the soil. This might be useful in the cities where space is 
at a premium. 

In my work we have had difficulty with oil from the compressors and the problem 
of getting rid of it. Perhaps the author can explain how he overcomes this problem. 

As a final question, how long would the pipes last, based on observations from 
the author’s experiments ? 


L. R. INGERsott, Madison, Wis.*: I am naturally very grateful to Mr. Smith for 
this experimental working out of certain phases of the exchanger problem in which 
his work agrees with some of our theory. 

I would say, concerning his last remarks on whether the summer heating will 
compensate for the winter cooling, that I know myself of no case where it has not 
been completely compensated by the summer heat. I did a little calculating for the 
Wisconsin Electric Power Company on this matter and my results came very close 
to their experiments in the matter. There was no trouble about compensation at all, 
or no need for special summer heating by auxiliary apparatus. 


G. B. Priester, Baltimore, Md.: I would like to ask the author how he could 
be sure that the grid design in his paper meets the requirements when his tests were 
conducted for such a short period of time. 


Autuor’s Ciosure: I have been able to follow, to a limited extent, some of the 
excellent work Mr, Chewning and his associates have accomplished with their studies 
of heat pump installations in the Portland, Oregon territory. They are making a 
fine contribution and should give us all the results of their findings, for it is only by 
a combination of theory and actual experience that the final solution will be obtained. 

Mention was made in the paper that the proposed design was probably pessimistic, 
and was purposely made so. Mention was also made that the earth probably received 
a considerable amount of heat from winter rains, or even sunshine, which was not 
considered since no way was found to predict the amount. Until such additional heat 
can be predicted, or sufficient information has been accumulated from actual installa- 
tions, we should base designs upon information which will assure satisfactory 
operation, and limit ground area only when we are assured less will accomplish 
results. The amount of tubing necessary may be reduced in a similar manner. 

I can agree with Mr. Chewning on some of his suggestions about freezing the soil. 
There appears to be no disadvantage in freezing the soil for a limited distance about 


* Professor of Physics, University of Wisconsin. 
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the tubes so long as building foundations are not disturbed. The thermal conductivity 
of the soil is not appreciably altered due to freezing, and Miles Kirsten has found the 
conductivity increases slightly at temperatures well below freezing. The soil expansion 
due to freezing should tend to decrease the film effect at the surface of the tube. 

However the fact that some very limited areas do prove satisfactory may sometimes 
be due to factors not always apparent. I have observed two cases in Seattle where 
unusual results have been obtained, but in both cases the movement of underground 
water on a hillside slope appears to be the explanation. A layer of hard pan just 
below the grid could retain an unusual amount of moisture, and thus heat storage 
around the grid, as well as an increased thermal conductivity from below due to the 
density of the hard pan layer. 

I can see no reason why freezing the soil can give any other advantages than, first, 
to add the heat of fusion, which is limited to the amount of soil frozen, second, 
slightly increase the thermal conductivity and decrease the film effect, and third, 
increase the absorption of heat due to rainfall or winter radiation from sunshine. 
The Portland area probably has warmer rains and more winter sunshine than the 
Seattle area since it is further inland from the Ocean. 

Mr. Eid suggests vertical pipes rather than horizontal tubes. The vertical pipes 
might be more economical to install, and would doubtless prove as satisfactory but 
would require about the same soil surface area since the heat for each season must, 
on the average, be supplied that same year and only a sufficient area of unobstructed 
soil surface will accomplish this result. 

In our experimental apparatus we used a well designed oil separator just after the 
compressor and appeared to experience no trouble with oil in the grid. In fact we 
used a rotometer to measure the liquid freon flow, in which meter the liquid passes 
through a glass tube. No oil was apparent in this glass tube. 

The duration of our tests was only about three years but unless some chemical 
element in the soil is of such nature as to corrode the tube there appears to be little 
limit to the time a copper tube will operate. If an anti-freeze solution of water were 
used in the grid instead of the refrigerant, good grade iron pipe with an outside 
protective coating would probably last for the life of a compressor. 

I can quite readily agree with Professor Ingersoll that unless there is too much 
obstruction on the soil surface in the form of trees, brush or heavy vegetation, the 
summer heating will easily replenish the heat removed during the winter. Scientists 
have calculated that each square foot of the earth’s surface receives on an average, 
about four Btu per minute while the sun is shining directly upon it. This could amount 
to several hundred thousand Btu per square foot during the summer season. Only a 
small portion enters the soil and even less reaches any great depth. However, the 
cooler the ground in the spring the more readily this heat absorption will take place. 
On the other hand a given volume of soil at a given temperature and moisture content 
can hold only a definite quantity of heat; any excess heat impinging upon the surface 
must be absorbed elsewhere. 

if I interpret Mr. Priester’s question correctly I would say that we ran tests on the 
grids for a good portion of three years though not attempting to duplicate the 
operation of an actual installation. The main objective was to substantiate the 
calculated results and this was apparently accomplished. Most of our tests were 
for a period of 24 hours though we ran some as long as two to three weeks. 

Since the calculated results can be carried to any length of continuous operating 
time desired, the only remaining problem is to choose a point on the curves which 
corresponds to the intermittent operation of an actual heat pump. This equivalent 
continuous operating time is related to the integrated short periods of operating 
time as compared to the integrated non-operating periods. In the design outlined, this 
point was taken well down toward the horizontal portion of the curve where an 
increase in operating time does not greatly alter the heat transfer coefficient. 
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SOLAR ENERGY TRANSMITTANCE 
OF FIGURED ROLLED GLASS 


By G. V. PARMELEE* AND W. W. AUBELE**, CLEVELAND, OHIO 


This paper is the result of research carried on by THE AMERICAN 
SOCIETY OF HEATING AND VENTILATING ENGINEERS at its Re- 
search Laboratory located at 7218 Euclid Ave., Cleveland 3, Ohio. 


CONTINUING program of research to develop design heat flow data for 

glass in its various architectural forms has been carried on since 1944 at the 
A.S.H.V.E. Research Laboratory under the direction of the Committee on 
Research and the Technical Advisory Committee on Heat Flow Through Glass}. 
Previous papers! 2:3 have given solar energy transmittance data for flat glass 
and glass block. This paper presents similar data for seven patterns of figured 
or patterned glass. These data will be used in the preparation of design heat flow 
tables like those recently published for flat glass and glass block‘. 


EXPERIMENTAL PROCEDURE 


The Calorimeter: Except for minor changes, the calorimeter used in these 
studies and the instrumentation were essentially as described in the previous 
reports. In addition to the usual measurements of solar intensity, measurements 


TABLE 1—DEscRIPTION OF FIGURED GLASS PATTERNS 


No. 


11 Hammered heat absorbing glass 

12 Hammered and etched heat absorbing glass 

15 Ribbed flint glass (shallow ribs) 

16 Ribbed flint glass (deep ribs) 

17 Diffusing flint glass (small circular indentations) 


* Research Associate, A.S.H.V.E. Research Laboratory. Member of A.S.H.V.E. 

** Research Engineer, A.S.H.V.E.- Research Laboratory. 

7 Personnel: R. A. Miller, Chairman; A. B. Algren, W. J. Arner, A. H. Baker, F. L. Bishop, Jr., 
R. D. Blum, J. E. Frazier, J. S. Herbert, E. R. Koppel, D. R. Muir, F. W. Preston, W. C. Randall, 
C. A. Richardson, Vic Sanders, H. B. Vincent. 

1 Exponent numerals refer to References. 

Presented at the 57th Annual Meeting of THe AMERICAN Society oF HEATING AND VENTILATING ENGI- 
NeeRS, Philadelphia, Pa., January 1951. 


209 


i 
| | 
| 
. ‘ 
| 
{ 
4 
2 
2 
2 


210 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


were made, in most tests, of the low temperature radiant energy received from 
outdoor surroundings by the glass surface. A specially constructed convection- 
compensated radiometer was used for this purpose. 

The Test Specimens: Single sheets of patterned glass, as described in Table 1, 
were studied in this investigation. The patterns of samples 11, 12, 17, 20 and 21 
were sufficiently random in orientation that the influence of solar azimuth on 
transmittance at a given solar altitude was considered negligible. Test results 
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Fic. 1. SpecrraL TRANSMITTANCE CURVES OF FLAT POLISHED SPECIMENS OF 
Gass IDENTICAL 1N COMPOSITION WITH Fi1GURED GLASSES STUDIED 


bore this out. On the other hand, samples 15 and 16 were ribbed so that the 
transmittances of these sheets could not be defined in terms of incident angle 
alone. These sheets were set in the calorimeter frame with the ribs vertical 
and tests were run in such a way as to bring the sun’s rays parallel, at 45 deg, 
or at 90 deg to the direction of the ribs. In all cases the patterned surfaces 
were on the weather side with the rough rolled surface facing the calorimeter 
shell. 

As in the experimental work on glass previously reported, glass surface tem- 
peratures were measured with thermocouples cemented into shallow grooves 
with Canada balsam cement. 


RESULTS OBTAINED 


Spectral Transmittance Characteristics: Flat polished specimens taken from 
the same sheets as those studied in the calorimeter were examined to determine 
their spectral transmittance characteristics; the results are shown in Fig. 1. 
Values for flint glass have been corrected to 7/32 in. thickness and those for 
heat absorbing glass have been corrected to 4 in., since these are the nominal 
thickness of the samples listed in Table 1. Table 2 compares the normal inci- 
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dence transmittance values for these specimens computed for Moon’s® energy 
distribution for air mass = 2 with transmittance tests made on small flat polished 
specimens in direct sunlight. 

Transmittance of Solar Radiation: Transmittance values for diffuse solar 
radiation as determined by calorimeter tests are given in Table 3. In addition 
to giving the range of values determined and the average of the various tests, 
the table also gives computed values and values recommended for design use. 
The computed values were determined by integration over a quarter sphere of 
the product of the energy received at a given incident angle times the trans- 
mittance of the glass for direct solar radiation at that angle of incidence. It was 
assumed that the sky vault was a uniform radiant energy source. The design 
values are those which gave the least scatter of test points when transmittance 
of direct radiation was plotted against incident angle. 

Transmittance values for direct solar radiation as a function of incident angle 
are given in Figs. 2 through 6. As noted on the figures, test points for samples 


TABLE 2—TRANSMITTANCE VALUES OF FLAT POLISHED SPECIMENS OF FIGURED 
GvLass FoR NorMALLY INCIDENT Direct SOLAR RADIATION 


TESTS IN SUNLIGHT WITH THE 
SMITHSONIAN SILVER DISK PYRHELIOMETER CALCULATED FOR 
STANDARD ENERGY 
As TESTED CORRECTED VALUES DISTRIBUTION® 
SAMPLE 
No. Thickness Range in No. of Thickness | Av Trans | Thickness Trans 
In. Trans % Tests n % In. % 
11,12 0.197 26.1-27.9 2 A 19.5 4% 24.1 
15, 16, 17 0.159 79.8-80.7 2 V9 76.4 Ke 82.0 
20, 21 0.190 77.1-80.6 3 T39 77.1 199 80.3> 


a Moon’s$§ energy distribution for air mass = 2. 
> Spectral values > 1.25 u estimated. 


11, 12, 17, 20 and 21 include data from both fixed incident angle tests and fixed 
orientation tests. The agreement between the test points and the curves indi- 
cates that these patterns had no special orientation. Hence, the transmittance 
curves are functions of incident angle only. The curves for samples 15 and 16 
show, however, that the transmittance will vary with different combinations 
of solar altitude and azimuth angles that give the same incident angle. 

Total Heat Gain from Sunlit Glass: In most practical cases in the field of 
air conditioning, glass is opaque to all radiation except that from the sun or 
from lighting installations. This is illustrated by the spectral transmittance 
curves of Fig. 1 which show that the transmittance is practically zero for wave- 
lengths of 4.5 » (microns) or longer. Even from radiant energy sources at 
temperatures as high as 450 F only a negligible amount, approximately 2 percent, 
is transmitted by glass. If lighting sources can be neglected it is convenient to 
express the heat flow through a glass section by the following heat balance 
equation in which the heat flow quantities are for a unit area and a unit time: 


Heat flow by con- 

Transmitted vective and radia- 

solar radiation tive exchanges at 

the indoor surface 


Total heat flow 
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The data on transmittance just presented show that the transmitted solar 
radiation is dependent upon the glass properties and the nature and angle of 
the incident solar radiation. On the other hand, the heat flow by convective and 
radiative exchanges at the indoor surface is dependent upon these same factors 
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plus the influence of the indoor and outdoor environments. This heat flow can 
be expressed by a second heat balance equation as follows: 


H 
: = solar 
tive exchanges at nila face of glass and 
|. the indoor surface i outdoor surroundings 


Convective exchanges 
between outer s"tface 8 


of glass and outdoor glass section 


air 


Fig. 7 illustrates Equations 1 and 2 by giving instantaneous rates of heat gain 
for a west-oriented vertical sheet of glass No. 21. Total heat gain and the 
convection and radiation heat flow from glass to calorimeter as determined by 
test have been corrected to a zero differential temperature between the outdoor 
air and the calorimeter surface. The gain due to transmitted solar radiation 
is the difference between the two heat gain curves. 


DISCUSSION OF RESULTS 


Solar Energy Transmission: Table 2 shows that the normal incidence trans- 
mittance of polished samples is subject to some variation. This is due primarily 
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to differences in the energy distribution of the incident rays caused by day-to-day 
and hour-to-hour changes in the thickness and composition of the atmosphere 
in the sun’s path. These variations are somewhat smaller than has been observed 
in tests on other samples because of the smaller number of tests made. 

Fig. 8 is presented in order to show the effect of pattern or surface treatment 
on transmittance. The figure shows transmittance as a function of incident 
angle for flat polished sheets of the same overall thickness as the patterned 
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sheets. The curves were computed for an energy distribution according to 
Moon’s® suggested standard for air mass of two. Comparison of Fig. 8 with 
Figs. 2 through 6 shows that even the simplest patterns significantly reduce 
transmittance. The effect of etching to produce glare reducing surfaces is even 
more marked. 

Because the transmittance of the ribbed glasses, Nos. 15 and 16, cannot be 
given in terms of incident angle only, two sets of iso-transmittance curves are 
presented in Figs. 9 and 10. These give transmittance as a function of altitude 
and azimuth for both vertical and horizontal sheets. If the glass is installed 
with ribs vertical in a vertical wall, the azimuth angle is the angle between the 


| 
ae 
| 
| 


SoLAR ENERGY TRANSMITTANCE OF GLASS, BY PARMELEE AND AUBELE 215 


projection of the sun’s rays on a horizontal plane and a line perpendicular to 
the wall. For horizontal sheets, azimuth is measured with respect to the direc- 
tion line of the ribs. Solar altitude is, of course, the angle of the sun above 
the horizon. 

Table 3 shows that the transmittance of a glass sheet for diffuse solar radia- 
tion may vary widely (the experimental error in the determination of solar 
gain is of the order of 3 to 5 percent). There is considerable evidence to show 
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that much of this is probably due to the effects of angular distribution of the 
incident diffuse radiation. 

In order to study the magnitude of this effect, diffuse transmittance tests 
were made with a 2-ft sq shect of high transmission glass. Use of this type 
of glass eliminated the possible influence of energy distribution. The tests were 
made by placing the glass over the pyrheliometer, observing the emf, and then 
observing the emf when the glass was removed. The pyrheliometer was shaded 
from the direct sun at all times by a 3-in. diameter disk about 30 in. away from 
the instrument. 

The investigation showed that the diffuse transmittance varied with the incident 
angle, being greatest at normal incidence and dropping as the angle was reduced. 
There was about 8 percent difference between the lowest and highest values. 
This can be accounted for by the fact that much of the diffuse radiation comes 
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from the near vicinity of the sun and hence is transmitted in accordance with 
the incident angle. One would therefore expect the transmittance to vary also 
with the ratio of direct to diffuse radiation. 

The lack of uniformity in the angular distribution of diffuse solar energy is 
further illustrated by observations of the variation in the diffuse irradiation of 
vertical and horizontal surfaces with altitude and azimuth. For the same solar 
altitude it was found that the ratio of diffuse radiation falling on a vertical plane 
to that on a horizontal varied from about 0.5 with the sun 180 deg away from 
the wall to as much as 1.4 when the sun’s azimuth with respect to the wall was 
zero. If the diffuse radiation of all points of the sky was of equal intensity, 
this ratio would be 0.5. 

On the average the diffuse transmittances were closely equal to those com- 
puted from direct transmittance data and to those found to give the best fit 
of data. The latter are recommended for design purposes. Two exceptions, the 


TABLE 3—PERCENT TRANSMITTANCE OF CONFIGURATED GLASS 
FOR DIFFUSE SOLAR RADIATION 


By CALORIMETER TESTS 

SAMPLE CALCULATED DESIGN 
No. Range Av VALUES 
1l 20.2-25.5 22.4 16.0 20.0 
12 12.6-23.6 18.0 8.2 16.0 
15 51.2-74.0 60.0 61.6 60.0 
16 41.2-58.5 47.9 51.3 48.0 
17 49.9-69.8 59.0 59.0 59.0 
20 62.6-71.7 67.1 62.9 63.0 
21 45.6-59.4 48.3 48.4 48.0 


values for heat absorbing glass, were expected. In this case the energy distribu- 
tion is responsible. Diffuse solar radiation is deficient in infrared energy as 
compared to that from direct sun; therefore, heat absorbing glass which has 
a low infrared transmittance will give higher diffuse transmittances than would 
be predicted from the direct radiation transmittances. 


Total Heat Gain: The heat flow data given in Fig. 7 are not to be construed 
as design data, but simply represent heat flow under the test conditions noted 
on the figure. The design of the calorimeter is such that instantaneous heat flow 
rates are instantaneous cooling loads. In most practical cases of air conditioning, 
much of the transmitted radiation is absorbed by the interior structure and is 
gradually released to the room air. The resulting apparatus load therefore lags 
behind periodic instantaneous heat gain and has a reduced amplitude. 

The fact that there is considerable radiation and convection gain by the calori- 
meter from the glass is due to absorption of solar energy. During the morning 
hours the absorbed solar radiation was very nearly balanced by radiation loss to 
the outdoor surroundings. This gain was, of course, greater for glasses Nos. 11 
and 12 because of their greater absorption. 

It is of interest to note that the solar radiation data presented in Fig. 7 very 
closely approximate the values suggested for a clear atmosphere in a recent 
research paper*. Some departure from the design values occurs in the late 
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afternoon because sunset on August 23 occurs about 4% hour earlier than on 
an August 1 design day. Typical of Cleveland, the maximum dry bulb, 81 F, 
and dew-point 60 F, associated with these solar intensities are much below the 
usual design values of 95 F and 67 F respectively. 
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DISCUSSION 


E. B. Penrop*, Lexington, Ky. (WritTtEN): This is an informative paper sup- 
plementing the present knowledge of solar energy transmission through glass. It is 
interesting to note the reduction in direct transmission resulting from surface con- 
figuration. However, it also would be of value to know if this reduction occurs as 
a result of increased absorption or increased reflection. If surface configuration 
increases the absorption, an appreciable fraction will ultimately be transferred to the 
inside air by conduction and convection, alleviating the advantage obtained by the 
reduced transmission. 

It is believed that a clarification of the technique used to measure the diffuse com- 
ponent is in order. Since diffuse radiation originates in all directions, how is it 
possible to establish an angle of incidence? 


E. W. Conover, Detroit, Mich.: In this paper as in previous ones by the authors, 
it is stated that glass surface temperatures were measured, but no data are given. 
These temperatures are significant factors in heat transmission and we believe that 
the data should be included. Glass temperature enters into the heat loss during 
daylight hours in winter as well as the cooling load in summer. 

The description of figured glass patterns, as given in Table 1, does not seem to 
be clear enough. Is flint glass the ordinary type of window glass? Are the shallow 
ribs of No. 15 of the same design as the deep ribs of No. 16, and what are the 
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spacings? How does No. 17 with small circular indentations differ from so-called 
hammered glass? 

Fig. 1 shows that in the infrared range Samples No. 11 and 12 transmit on the 
average less than 5 percent. Table 2 for normally incident direct solar radiation shows 
tests and calculations considerably greater. Is this difference explained by the inclu- 
sion in Table 2 of the diffuse solar radiation shown in Table 3? If not, how can 
Table 2 be reconciled with Fig. 1? 

!t would appear that, due to the greater surface area of configurated glass, that heat 
transmission factors for these would be higher than for clear sheet glass. Are these 
going to be worked out later? 


Cyrit Tasker, Cleveland, Ohio: It is perhaps well to put on record a very brief 
history of this program, since this may be the last paper on this subject that will 
come from the laboratory. 

It is six years since Mr. Parmelee was engaged to survey available information 
under the auspices of the Technical Advisory Committee on Heat Flow through Glass. 
From that survey came two programs: one, a relatively short-range program, and 
another, a long-range program. On the short-range program, dealing with forced 
convection heat transfer coefficients, work was done, a research bulletin prepared and 
papers presented before the Society. 

The other program dealing with solar radiation transmission, immediately faced 
us with a great deal of experimental work. Mr. Parmelee and his co-author have 
presented papers covering the data obtained in the experimental work. 

Last summer Mr. Parmelee presented some design heat flow data covering various 
types of glass. The data here presented will be used as the basis for making up other 
heat Jow design data which we are planning to present. 

This year Mr. Parmelee was asked to rewrite the final chapter on cooling load, 
and incorporate as design data the information developed in these tests. In Tue 1951 
GuipE, you will find that the cooling load chapter has in it the sort of information 
that you can use directly. 

Mr. Conover has asked why more data and experimental information are not 
given? We are hoping to cover that. We realize that it would be quite impossible 
for Mr. Parmelee to cover in technical papers all the points covered in the course 
of these studies; we have in preparation another research bulletin to summarize the 
information collected and give additional information not already presented. This 
will attempt to tie all this information together and put on permanent record the 
results of about six years of work. 

Mr. Parmelee has paid tribute to the members of the TAC on Heat Flow through 
Glass. They have been most helpful technically, financially, and in every other way. 
We wish to say thank you when we come to this rather important stage in the 
program. 

We have a big task ahead of us now in translating all these data on instantaneous 
heat flow into cooling loads. Two of the committees at this meeting have spent 
practically the whole day discussing how that might be done. We shall shortly present 
suggestions for a continuing program for translating instantaneous heat gain into 
cooling load so that the information will be of maximum use to the air-conditioning 
industry. 


AvutuHors’ CLosurE (G. V. Parmelee): The authors agree with Mr. Conover that 
glass temperatures are important data that should be given. However, since most 
of the papers on the glass research which have been presented to date have dealt 
with solar energy transmittances, we have not stressed glass temperatures. Some 
information has been given in connection with the results of tests to determine overall 
coefficients. As Mr. Tasker has indicated we will include considerable information 
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heretofore unpublished in the summary bulletin now in preparation. This will include 
glass temperatures. 

Flint glass is a term applied to a clear glass, such as ordinary window glass, in 
contrast to heat absorbing glass, which has a definite tint or color. The shallow 
ribs of glass No. 15 are spaced 22 to the inch. The included angle of the valley 
is about 150 deg. Both valley and crest are rounded. Glass No. 16 has ribs spaced 
8%4 per inch with an included angle of 110 deg. The pattern of the hammered glass 
consists of raised approximately circular areas about 0.1 in. in diameter closely spaced 
in an irregular manner, the result of hammerlike indentations in the rolls. In No. 17 
the indentations are circular, 19 to the inch and arranged in straight rows. 

The infrared transmittance of samples No. 11 and 12 is of the order of 5 percent 
but the total solar energy transmittance is 20 to 25 percent, as shown in Table 2. 
Note that these values are for specimens ground and polished to remove the pattern. 
This is because only 50-55 percent of the solar energy is in the infrared region, 
that is, longer than about 0.75 microns. In the visible region, the transmittance is 
much higher approaching 70 percent at 0.50 microns. When you integrate over the 
spectrum from 0.3 to about 2.2 microns, you get the results given in Table 2, whether 
the transmittance is calculated or found by tests. We have pointed out in previous 
papers that transmittance of the heat absorbing glasses is markedly affected by dif- 
ferences in the energy distribution in the solar spectrum. The transmittances in Table 
2 are for normally incident solar radiation. The transmittances of diffusely incident 
radiation are given in Table 3 for patterned glass. 

Mr. Conover brought out a good point, namely, the effect of configuration on sur- 
face area and heat transmission. This has no bearing on the results presented in 
this paper. However, in calculating solar absorptions of glass sections we increase 
the emissivity by a few percent over the value for a smooth sheet to take surface 
roughness into account. Undoubtedly it has an effect on convection heat transfer, 
but that is something we cannot determine with our calorimeter apparatus. 

Professor Penrod has brought up several interesting points, one of which, absorption, 
has not been touched upon in any of our papers. By means of heat balances we have 
worked out absorptions for various glass sections as a function of incident angle. 
The determination of these values is rather difficult because of the problem of making 
an accurate heat balance. You need to know, for example, the convection heat transfer 
coefficient and the long wave length radiation received from the sky. We have gone 
to some trouble to determine these factors to a satisfactory degree of accuracy in 
order to determine absorptances. 

It is true that if the configuration increases absorption, there will be some heat 
gain by convection and reradiation from the glass that would otherwise not be 
present. However, I think in most cases the pattern increases reflectance rather than 
absorptance. 

Professor Penrod asks for clarification of the technique used to measure the diffuse 
component. I don’t know whether he refers to measuring the transmittance of the 
diffuse solar component or measuring the diffuse component of the solar radiation. 
We have used two Eppley 180-deg pyrheliometers. Since these have flat receiving 
elements, they “see” the whole sky. One was exposed to the direct sun and recorded 
total radiation. The other was shaded from the direct sun by a small disc about 
2% in. in diameter and 30 in. from the pyrheliometer. In this way the pyrheliometer 
could “see” the sky and all the surroundings except the direct sun. Thus it measured 
the incident diffuse radiation. 

In determining the diffuse transmittance, we simply exposed the glass to diffuse 
solar radiation only by orienting it away from the sun. This factor was then used 
to separate the transmitted diffuse radiation from the total transmitted solar radia- 
tion, thereby permitting determination of the transmittance of the glass for direct radia- 
tion. By using a technique described in the paper we found that incident angle had 
some effect on diffuse transmittance. 
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FIELD STUDIES OF HEAT LOSSES FROM 
CONCRETE FLOOR PANELS 


By C. M. Humpnreys,* C. V. Franxs** ann L. F. Schutrumt 
CLEVELAND, OHIO 


This paper is the result of research carried on by THE AMERICAN 
SOCIETY OF HEATING AND VENTILATING ENGINEERS at its Re- 
search Laboratory located at 7218 Euclid Ave., Cleveland 3, Ohio. 


HE SOCIETY, through the Committee on Research, is engaged in a com- 

prehensive research program on panel heating, the general direction of which 
is under the Technical Advisory Committee on Panel Heating and Cooling. 
As a part of this program the Society’s Research Laboratory carried on a field 
study during the 1949-1950 heating season to determine the order of magnitude 
of heat losses from floor slabs to the earth and to study the effectiveness of 
insulation in reducing these losses. 

Four single story basementless frame houses were used for these tests. The 
houses are located in Parma Heights, Ohio, and are identical in size and 
arrangement, except that the floor plans of alternate houses are reversed. An 
exterior view of the four houses is shown in Fig. 1. All of them were occupied 
during the period of these studies. 

The calculated heat loss for each house, based on inside and outside tempera- 
tures of 70 F and 0 F respectively, was 26,500 Btu per hour. In some of the 
houses, heat losses were reduced during the heating season by the installation 
of storm windows. 

Thermostats in all four houses were set at 75 F, and except in very mild 
weather, this temperature was maintained within about +1 F. 

A curve giving degree days throughout the test period is shown in Fig. 6. 
This curve was plotted from 3-day averages. 


PANEL CONSTRUCTION AND INSULATION 


The floor panels in all four houses were identical and consisted of 4 in. concrete 
slabs containing sinuous coils of 44 in. nominal copper tubing spaced 9 in. center 


*Senior Engineer, A.S.H.V.E. Research Laboratory. Member of A.S.H.V.E. 
** Research Fellow, A.S.H.V.E. Research Laboratory. Member of A.S.H.V.E. 
+ Assistant Research Engineer, A.S.H.V.E. Research Laboratory. Junior Member of A.S.H.V.E. 
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TABLE 1—S tas INSULATION 


INSULATION INSTALLED TYPE AND AMOUNT OF INSULATION USED 
BETWEEN 
House No. 1 House No. 2 House No. 3 House No. 4 
None 4 in. Hollow | 2 in. Cellular | 2 in. Cellular 
Tile Glass Block* | Glass Block> 
Slab and top of foundation. None None 2 in. Cellular | 2 in. Cellular 
Glass Block | Glass Block 
Slab edge and frame wall. . None None None Cellular Glass 
Block 


® Under entire house. 
> 3 ft 6 in. wide border around perimeter of house. 


to center. All the slabs were covered with a ¥ in. thick asphalt tile floor. 
The slab in house No. 1, which was typical of the standard construction in 
use at that time, was laid without insulation. In the other three houses insula- 
tion was installed between the fill and the slab as indicated in Table 1. A vapor 
barrier of 30 Ib saturated slaters felt was provided between the slab and the 
gravel or the insulation. 

Details of insulation installation are given in Fig. 2. As shown in the draw- 
ings, the gravel fill under the houses was unusually deep. : 


INSTRUMENTATION 


As soon as the concrete foundations were poured to rough grade, work was 
started on the installation of thermocouples and heat flow meters. Five groups 
of thermocouples, designated by letters A to E inclusive, were installed in and 
under the floor slab of each house. Their approximate locations are shown in 
plan view in Fig. 3. The vertical distribution of the thermocouples in each 
group is shown in Fig. 4. 

Group A includes thermocouples 1 to 11 inclusive, which were located along 
the inside and outside of the foundation wall. Couples 1, 2, 5 and 6 were 
imbedded in the mortar joints as the brick portion of the foundation was laid. 


Fic. 1. 


View or Test Houses 
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Other couples in this group were installed in holes along the concrete portion 
of the foundation. 

Thermocouple groups B and D extend to depths of approximately 8 and 
10 ft, respectively, below the top of the floor slab. These groups of couples 
differed slightly in the four houses as required by the different slab insulations. 
The couples below rough grade were installed by attaching them to a wood pole 
14 in. square and placing the pole in a hole bored into the earth with a 2 in. 
auger. The hole was then filled with dry sand. 

Groups C and E each consist of a heat flow meter and four thermocouples, 
one of which is in contact with the meter. These were installed to obtain a 
direct method of measuring heat flow and to provide a means of determining 


4” Floor slob 


‘Vapor barrier 
A, pus’ 
¥ Rough grode 


4” Floor slob 
Vapor borrier 
2" Gelluior gloss 


Fic. 2. oF FLooR 
INSULATION 


the thermal conductivity of the earth. The thermocouples under the meters were 
installed without disturbing the earth. 

Leads from the thermocouples and heat flow meters in each house were run 
under the gravel fill to the garage, where a suitable switching panel was 
installed. 

Special care was taken to protect underground and concrete-imbedded wiring 
from moisture damage. All thermocouple wires and heat flow meter leads were 
given two coats of a waterproof lacquer. Each thermocouple and its leads were 
then encased in a small plastic tube, the bottom of which was heat-sealed. The 
heat flow meters were given several dip coats of a heavy asphalt paint. These 
precautions were warranted -for there was no evidence during the tests of any 
failures due to moisture. It was found when the thermocouples were first con- 
nected that both heat flow meters and one thermocouple on house No. 1 were 
dead, but this was undoubtedly the result of mechanical damage. 

All thermocouples were made of No. 26 copper and constantan wire. No. 26 
gage copper wire was also used for the heat flow meter leads. A portable 
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precision potentiometer was used to take thermocouple and heat flow meter 
readings. 


COLLECTION OF 


Readings of all thermocouples and heat flow meters in each home were taken 
at approximately two-week intervals from October 5 to May 31. On each visit 
the air temperature was also taken in the living room near the thermostat located 
at the 60 in. level. 

Since temperatures and heat flow rates were found to be subject to constant 
variation, a 16-point electronic recording potentiometer was installed in each 
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of the houses for approximately two weeks to obtain a complete record of these 
cyclic effects. Continuous records of the two heat flow meters and 14 selected 
thermocouples were thus obtained. 

Additional data on edge losses were obtained for each house by temporarily 
attaching a heat flow meter to the exterior of the foundation wall above grade 
and connecting it to the recorder for a few days in place of one of the thermo- 
couples. 


Sor ANALYSIS 


A test boring was made between houses Nos. 3 and 4, and mechanical analyses 
were made of the soil samples removed from each foot of depth. The results of 
these analyses are shown in Table 2. 


RESULTS 


The downward heat flow at any point under a floor panel is dependent upon 
a complex temperature pattern. This pattern varies with the continually chang- 
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ing outdoor temperature, the cyclic operation of the heating system, and the 

thermal conductivity of the soil. Even the soil conductivity may vary from week ‘ 

to week with changes in moisture content. s 
The cyclic effect of the intermittent operation of the heating system is illus- 

trated in Fig. 5. Although the amplitude of the variation at the tube is relatively 


TABLE 2—So1L PROPERTIES 


DEPTH BELOW PERCENTAGE OF Dry WEIGHT MoisturRE CONTENT 
RouGH GRADE PERCENTAGE OF 
Fr Gravel and Sand Silt and Clay : Dry WEIGHT 
1 22.4 77.6 13 
2 23.6 76.4 14 
3 27.8 72.2 15 
4 36.3 63.7 14 
5 39.0 61.0 not determined 
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large, its period is of such short duration that the effect is quite shallow. In 
contrast to this, a change in weather from mild to cold or vice versa will pro- 
duce a cycle of relatively low amplitude, but because of its much greater 
period, its effect may extend to a considerable depth below the slab. 

Fig. 6 shows the variation in earth temperatures under house No. 2 throughout 
the heating season. These temperatures were taken by a group of thermocouples 
(Group D, Fig. 3) located near the center of the house. It will be noted that 
the temperature at a depth of 4 ft 6 in. remained approximately constant through- 
out the year. Above this level the temperatures show a gradual rise until about 
March 1. Temperatures below the 4 ft 6 in. level reached a peak about December 
1 and showed a steady decrease from that date to the end of the heating season. 
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The same decrease in deep soil temperatures is shown in Fig. 7 by the pro- 
gressive rise of the 65 F isotherm under house No. 2. The effect of outside 
air and ground temperatures on ground temperatures just inside the foundation 
is also indicated by the shape of the isotherms near the wall. 

In a similar study! by A. B. Algren, ground temperatures to a depth of 6 ft 
below the slab increased steadily during the heating season. 

In keeping with the temperature variations discussed previously, heat flow 
meter readings indicated variations in heat flow rates from week to week. Fig. 8 
shows results for the season obtained from heat flow meters in house No. 2. 
It will be noted that there was a general increase in heat flow until approxi- 
mately March 1. This is consistent with the data presented in Fig. 6 which 
indicate an increasing difference between the shallow and deep ground tem- 
peratures until approximately the same date. 

Because of the many uncontrollable variables involved, downward heat losses 
from the panel were computed from average seasonal values. Figs. 9 and 10 
show the average seasonal isotherms under houses Nos. 2 and 3, respectively. 


1 Ground Temperature Distribution with a Floor Panel Heating System, by A. B. Algren (A.S.H.V.E. 
Transactions, Vol. 54, 1948, p. 321). 
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It will be noted that ground temperatures under the insulated slab in house 
No. 3 are lower, and that the isotherms are farther apart, than in house No. 2. 

On Figs. 9 and 10, the direction of heat flow at two locations under the slab 
is shown by dotted lines drawn normal to each of the isotherms crossed. The 
heat flow line noted D at the left of each figure passes through the bottom of 
the foundation. It is evident from the figures that all of the downward heat 
flow from that part of the slab between the foundation and the intersection with 
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No. 53 - 2' Deep ' from top of slab 
No. 54 - Deep 
80 No. 55 - 4'-6" Deep 
\AAL 
© 
—, 
= 
= 
= 
65+ No. 56 - 6 Deep + 
No. 58 - 10° Deep 
4 A. de 
60 
50 
40 NY 
JAA 
30 ¥ 
U 
20 
10 Degree Day 
Oct. | Nov. | Dec. | Jon. | Feb. | Mor. | Apr. | Moy | 


WINTER 1949-1950 


Fic. 6. Sus-StaB TEMPERATURE VARIATIONS AT CENTER 
oF House No. 2 


line D must pass through the foundation. The loss for this part of the slab 
(heat loss zone No. 1 shown by dotted lines on Fig. 3) was calculated from 
the thermal conductivity of the foundation and the temperature drop across it. 

Fig. 11 shows the average seasonal temperature drop across the foundation 
walls for all four houses. The effect of the edge insulation in houses Nos. 3 
and 4 is also evident. 

The center of the floor slab was arbitrarily divided into several zones of 
approximately uniform heat loss as shown in Fig. 3. The heat loss from each 
of these zones was calculated from the soil thermal conductivity and the spacing 
of the isotherms. 

The average thermal conductivity of the soil under houses Nos. 2, 3 and 4 
was calculated from the heat flow meter readings and the soil temperatures at 
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UNDER House No. 2 


known distances from the meters. Since the flow meters in house No. 1 were 
inoperative, the conductivity of the soil under it was assumed as the average 
of those determined for the other three houses. The values so determined agreed 
well with the thermal conductivity of (6.625 percent) Btu per (hr) (sq ft) 
(deg F per inch) obtained on the basis of mechanical soil analysis from a recent 
bulletin? from the University of Minnesota. 


A summary of the average ground heat losses for the four houses for the 
period from Oct. 5 to Apr. 19 is given in Table 3. A comparison of the losses 
from the several zones indicates that the major part of the loss from a floor 
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2 Thermal Properties of Soils by Niles S. Kersten, (Bulletin No. 28, Engineering Experiment Sta- 
tion, University of Minnesota). 
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panel takes place from a comparatively narrow band around the edge. It is 
in this area that insulation will pay its greatest dividends. 

Total gas consumption for each house was obtained from gas company records. 
These total consumption values were corrected on the basis of the average 
summer consumption for each house, to obtain the net Btu input to each of the 
heating systems. The Btu output of each boiler from October 5, 1949 to April 
19, 1950 was calculated on the assumption of 75 percent efficiency and compared 
to slab losses for the same period. The ground heat losses, expressed as a per- 
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centage of the boiler output, averaged approximately 33 percent for houses Nos. 
1 and 2, and approximately 25 percent for houses Nos. 3 and 4. 


DiIscussION OF RESULTS 


Data have been presented on the heat losses from floor panels in four houses. 
When examining these data it is well to consider some modifying factors which, 
although they cannot be evaluated, do have a material effect on the heat losses. 

It has long been recognized that the type of occupancy can materially affect 
fuel consumption and heating system performance. Although the occupancy was 
a factor over which the Laboratory had no control, it was hoped that it would 
be similar in all houses. Actually it varied so widely that it is considered worthy 
of note. 

House No. 1 was occupied by a couple, both of whom worked. They were 
home only in the evenings. In house No. 2 were a man and his wife and two 
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small children. An unmarried nurse purchased house No. 3. The house was 
sometimes unoccupied for a week or two at a time while she was on a case. 
House No. 4 was occupied by a man and his wife; the wife was usually at home. 

Floor coverings can have an appreciable effect on the downward heat loss 
from a heated floor slab. Carpets or rugs act as an insulation on the top of 
the panel and cause a greater heat flow downward. During the period in which 


TasBL_e 3—HeEat Losses FROM FLoor SLABS 


ZoneE Nos. House No. 1 House No. 2 House No. 3 House No. 4 
Zone Areas, sq ft 

1 362 356 422 463 

2 199 199 179 163 

3 120 121 110 104 

4 88 89 78 ia 

5 71 75 51 38 

Average Heat Losses, Btu/(sq ft) (hr) 

1 8.53 8.88 4.71 4.44 

2 3.05 3.10 1.50 3.35 

3 1.95 2.10 1.10 2.90 

4 1.62 1.80 1.00 2.60 

5 1.50 1.70 1.00 2.20 

Total Average Zone Losses, Btu/hr 

1 3090 3160 1990 2057 

2 609 617 268 547 

3 234 255 121 302 

4 142 161 79 187 

5 107 128 51 84 

Total Average Losses from Panels, Btu/hr 

4182 | 4321 | 2509 | 3177 

Ratio* 0.43 0.425 0.50 0.55 
Ratio» 0.74 0.73 0.795 0.65 


* Area of zone No. 1/total floor area. 
> Heat loss from zone No. 1/total heat loss from panel. 


these tests were being made, floor coverings varied, not only from house to 
house, but from time to time in the same house. 

There were also at least two unusual factors which tended to reduce the heat 
losses from all houses, and to minimize the differences between the insulated 
and uninsulated installations. One of these was the abnormally deep (14 to 
19 in.) gravel fill between the rough grade and the slab. The other was the 
unusually mild weather experienced last year in the Cleveland district. 
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CoNCLUSIONS 


1. The greatest part of the heat loss from a floor panel occurs around the perimeter 
of the panel. It is in this area that insulation will prove most effective. 

2. It is particularly important that the panel be separated from the foundation by 
suitable insulation. 

3. Four inch hollow clay tile does not appear to be any more effective as an insu- 
lation under a floor panel than an equivalent thickness of gravel. Its use as an edge 
insulation was not studied. 


DISCUSSION 


M. J. Gissons, Dayton, Ohio: What is the most satisfactory type of insulation for 
insulating the edge? 


Autuors’ CLosure (L. F. Schutrum): Since only one type of edge insulation was 
used in the tests, we are unable to answer Mr. Gibbons’ question. However, it should 
be emphasized that our purpose in these tests was to determine the effect of insula- 
tion in general, not to compare specific insulating materials. 
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No. 1419 


PRINCIPLES OF EFFECTIVE HEAT FOR 
STEAM-HEATED STRUCTURES 


By C. O. Macxey*, N. R. Gay**, IrnHaca, N. Y., R. D. Tuttf, New Britain, 
Conn., E. G. Cuicaco, Itt., anp E. L. Broperick®, 
Mr. VERNoN, N. Y. 


hres heat is a term which has been used in the literature of heating, 
as the references indicate, for at least 25 years. The accepted meaning of this 
term will be explained before a precise definition is offered. Assume that it is 
desired to maintain a certain air temperature, 68 F, in the center of a room at 
a level of 24 in. above the floor, when the room is exposed to fixed conditions 
outside all surfaces. Each of several heating devices, whether radiator, con- 
vector, or baseboard, may maintain this air temperature at the fixed point under 
equilibrium conditions. In each case, however, it is possible that the rate of heat 
emission of the heating device may be different. With equilibrium conditions 
and no storage of energy, the rate of heat loss from the room must always be 
the same as the rate of heat emission within the room. There are at least two 
influences which may cause the rate of heat loss from the same room to be 
different even though the air temperature at a given point in the room is the 
same and the conditions affecting heat transfer on the outside of the room are 
not changed. 

One of these influences arises from the fact that the air temperature within a 
room is not the same at every point. It is well known that the air temperature 
near the ceiling of a heated room is greater than the air temperature near the 
floor ; the magnitude of the temperature gradient being dependent, in part, upon 
the type of heating device used. A device that produces a large ceiling to floor 
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air temperature gradient may cause a larger heat loss from the room than a 
device producing a small gradient, even though each unit maintains the same 
air temperature at some low level in the room. This effect may be found even 
in a room with a perfectly insulated ceiling and floor, because the average air 
temperature causing heat transfer through exposed vertical surfaces may be 
greater. Of course, if the object of heating were to maintain some arbitrary, 
fixed air temperature at a high point in the room, the device creating the greater 
ceiling to floor gradient might operate with smaller heat loss. 

The second influence is the local and direct effect that a heating device may 
have upon heat loss through the structure. It is entirely possible to test two 
heating devices in the same room and discover that the rates of heat emission 


TABLE 1—MaximMuMm AppDITIONS TO CAPACITY FOR CONVECTORS WITH 
Front OUTLETS 


OUTLET HEIGHT, MEASURED FROM FLOOR TO ADD TO CAPACITY PERCENTAGES NOT EXCEEDING 
TOP OF OUTLET, IN. THOSE LISTED BELOW TO ARRIVE AT RATING, PERCENT 
36 or more 0 
34 1 
32 2 
30 3 
20 4 
28 5 
27 6 
26 7 
25 8 
24 9 
23 10 
22 | 11 
21 | 12 
20 | 13 
19 14 
18 or less 15 


are different even though the average temperature of the air at all levels in the 
center of the room is the same. It is also possible to obtain the more puzzling 
combination of lower rate of heat loss from the room and greater average tem- 
perature of the air at all levels in the center of the room. These results are 
explained on the basis of a different local effect of the heating unit on the rate 
of conduction of heat through the wall near the unit. 

An experimental method of measuring effective heat must be based upon the 
following procedure: 


1. Select some heating device as the standard with which other heating devices are 
to be compared; for example, the standard device might be cast-iron radiators of the 
same design and height with different numbers of sections. 

2. Choose the location of the index point and the property that is to be measured 
at this point as an indication of comfort; for example, this index point might be 
arbitrarily taken at the 24-in. level in the center of the room, and the air temperature 
might be selected as the property to be measured. 

3. With a fixed temperature in the cold space, install the standard heating units 
and measure rates of heat emission and corresponding air temperatures at the index 
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point; from these results, a graph may be plotted with temperature difference (air 
temperature at index point minus cold space temperature) vs. rate of heat emission; 
this procedure is better than trying to hold the air temperature at the index point con- 
stant in all tests by wrapping or blocking portions of the heating unit, as the latter 
alters the heating unit. 


4. Install the non-standard heating units in the same test room and, for the same 
cold space temperature used in the standard unit tests, measure the rates of heat 
emission and the corresponding air temperatures at the index point. 


Heating effect may now be calculated in the following way: assume that the 
non-standard unit shows a rate of heat emission of g Btu per hour with a tem- 


Worm nel Construction 


Fic. 1. Test Room ConstRucTION 


perature difference of At between air at the index point and cold space air. From 
the graph, plotted as a result of the tests of the standard units, read the rate 
of heat emission, g,, of the standard unit required to maintain the same tem- 
perature differential. Then, percent effective heat is 


In short, effective heat shows how much greater the rate of heat emission of 
the standard heating unit must be than that of the non-standard unit in order 
to maintain the same air temperature at the index point in the test room with 
the same external conditions. 

Such a definition gives effective heat as precise a meaning as may be assigned 
to many such engineering factors determined by tests. It must be stated, at once, 
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that the same non-standard heating unit, when located in different positions in 
the same test room, may give different values for effective heat. It must also 
be clear that standard and non-standard heating units, when tested in test room 
A, may give different values of effective heat than when both are tested in test 
room B. This is no new problem to be viewed with great alarm, however, 
because similar effects may be observed in capacity tests. 


HIsToRICAL 


In 1925, R. V. Frost! reported tests on bare and enclosed radiators showing 
that the enclosed radiators warmed up the air in the test room faster and with 
a smaller total condensation than did the bare radiators. 

In 1926, Dr. C. W. Brabbée? commented that the determination of the rate 
of condensation of steam in a heating unit is not a complete indication of the 


TABLE 2—CALCULATED VALUES OF THE OVERALL COEFFICIENTS OF HEAT 
TRANSFER OF THE CoRNELL CoL_p Room 


AREA OF Room- OVERALL COEF- RATE OF HEAT 
SURFACE, FICIENT OF HEAT TRANSFER 
SQ FT TRANSFER, Btu/(HR) (F DEG) 
A Btu/(HR) (SQ FT) UA 
(F pEc) U 

Net north wall.............. 83.3 0.2 16.7 
North window.......... as 13.2 1.1 14.5 
Net west wall.............. 104.6 0.2 20.9 
96.5 0.045 4.3 
180 0.045 8.1 


effectiveness of that unit in creating a comfortable physical environment, 
although it is a sufficient indication of the performance of the unit as a steam 
condenser. He drew a parallel between power input to a lighting fixture as 
measured by watts vs. illumination as measured by foot-candles and rate of 
condensation of steam vs. air temperature at knee height. 

In 1927, Dr. Brabbée* reported tests on radiators located in two similar rooms 
showing that one radiator might condense less steam per hour while maintaining 
a higher air temperature at knee height than another radiator located in a simi- 
lar room. - 

In 1928, Dr. Brabbée* proposed that radiators be tested in rooms of identical 
construction exposed to a cold space maintained at constant temperature; one 
radiator, the standard, was to be kept unchanged in all tests; the number of 
sections in the other radiator to be tested was selected so that the air tempera- 
ture near the center of the room and 18 in. above the floor was the same in 
each room; both radiators were to be supplied with steam in the same state, and 


1 Exponent numerals refer to references. 
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the rates of condensation were to be compared as a measure of the effectiveness 
of heating. In the discussion of this paper, Mr. Houghten, Dr. Carrier, and 
others pointed out that the effectiveness of heating depended not only on the 
design of the heating unit but also upon the location of that unit and the room 
in which it might be tested. 

In 1929, Willard, Kratz, Fahnestock, and Konzo5 reported tests on radiators 
with and without enclosures in 9 ft by 11 ft test rooms with a ceiling height 


Fic. 6. Front OutLet Convector; HEIGHT oF Top oF 
ENcLosureE oF 1314 IN. 


of 9 ft. The walls of the test room were of frame construction, and cold space 
temperatures of the order of —1.5 F were used. In discussing the test results, 
R. N. Trane concluded that: (1) one radiator may keep a room equally com- 
fortable in the living zone while condensing less steam than another; (2) all 
shields or covers used in the tests lowered the ceiling temperature below that 
observed with the bare radiator and delivered more effective heat; by calculat- 
ing the rate of steam condensation per degree of temperature difference between 
room air at various levels and cold space air, Mr. Trane also showed that one 
of the enclosures used 13 percent less steam per degree of temperature differ- 
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TaBLE 3—ExXPLANATION OF TESTS 


Heicut or | 
Test Untr Description AnD Location or Unit Top oF AROUND 
NUMBER DiscHARGE WInpow, 
Grite, IN. CFM 
1 7-section C.I. | 32 in. high; between window and west wall —— 12 
Radiator 
2 8-section C.I. | 32 in. high; between window and west wall — 12 
Radiator 
3 9-section C. I. 32 in. high; between window and west wall — 12 
Radiator 
1 10-section C. I. | 32 in. high; between window and west wall — 12 
Radiator 
5 12-section C. I. | 32 in. high; between window and west wall —— 12 
iator 
ll Front outlet 32 in. high; 30 in. long, 6 in. deep; between 
convector window and west wall; element 6 in. x 
2954 in. and 54 in. above floor at low end 30% 12 
12 Front outlet 24 in. high; 44 in. long, 4 in. deep; under 
convector window; element 4 in. x 435 in. and 544 
in. above floor at low end 221% 12 
13 Front outlet 24 in. high, 32 in. long, 6 in. deep; under 
convector window; element 6 in. x 3154 in. and 
51 in. above floor at low end 2214 12 
14 Front outlet 24 in. high, 26 in. long, 8 in. deep; under 
convector window; element 8 in. x 315¢ in. and 
5\% in. above floor at low end 2244 12 
15 Front outlet 20 in. high, 36 in. long, 6 in. deep; under 
convector window; element 6 in. x 355 in. and 
5% in. above floor at low end 184 12 
16 Front outlet 12 in. (nominal) high, 54 in. long, 6 in. 
convector deep; under window; actual height of 
131% in., entire unit raised so that low 
end of element is 514 in. above floor; inlet 
taped to give same air opening as in test 
17; element 6 in. x 53° in. 13 12 
17 Front outlet 12 in. high; 54 in. long, 6 in. deep; under 
convector window; element 6 in. x 5354 in. and 4 
in. above floor at low end 11% 12 
18 Type RC | 10 in. high and 9 ft long; under window 
baseboard on north wall 944 12 
19 | Finned tube 814 in. high and 10 ft long; under window | 
baseboard with) on north wall 8 12 
enclosure 


| | 
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TABLE 3—EXPLANATION OF Tests (Concluded) 
HEIGHT oF INFILTRATION 
Unit Description AND Location oF Unit Top oF AROUND 
NuMBER DiscHAaRGB Winpow, 
IN. CFM 
21 30° slant top 32 in. high, 27 in. long, 6 in. deep; between 
convector window and west wall; element 6 in. x 
26°% in. and 54 in. above floor at low end 31% 12 
22 30° slant top 24 in. high, 32 in. long, 6 in. deep; under 
convector window; element 6 in. x 315 in. and 5144 
in. above floor at low end 23% 12 
23 30° slant top 20 in. high, 32 in. long, 6 in. deep; under 
convector window; element 6 in. x 315% in. and 544 
in. above floor at low end 19% 12 
24 30° slant top 12 in. (nominal) high, 54 in. long, 6 in. 
convector deep; under window; element 6 in. x 5354 
in.; actual height of 1314 in. with same 
air inlet opening as in test 16; low end 
of element 514 in. above floor 13 12 
31 Top outlet 32 in. high, 27 in. long, 6 in. deep; between 
convector window and west wall; element 6 in. x 
265 in. and 5 in. above floor at low end 32 12 
32 Top outlet 24 in. high, 32 in. long, 6 in. deep; under 
convector window; element 6 in. x 3154 in. and 54% 
in. above floor at low end 24 12 
33 Top outlet 20 in. high, 30 in. long, 6 in. deep; under 
convector window; element 6 in. x 295% in. and 514 
in. above floor at low end 20 12 
34 Top outlet Same unit as in test 33 20 0 
convector 
35 Top outlet 12 in. (nominal) high, 54 in. long, 6 in. 
convector deep; under window; element 6 in. x 5354 
in.; actual height of 1314 in. with same 
air inlet opening as in test 16; low end 
of element 5% in. above floor 134% 12 
36 Top outlet Same unit as in test 35 134% 0 
convector 
41 Non-Standard 19 in. high; between window and west wall — 12 
C. I. Radiator 
42 Non-Standard | 19 in. high; under window; same unit as 
C. I. Radiator in test 41 — 12 
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TABLE 4—SuUMMARY OF RESULTS OF TEsTS OF CAsT IRON RADIATORS 
Usep as STANDARDS 


Test NUMBER 
1 2 3 4 5 
Air Temperatures, F: 
Center of room: 
3 in. above floor.................... 59.8 64.2 67.1 70.0 75.3 
6 in. above floor. .................5. 60.3 64.8 68.0 70.7 76.2 
12 in. above floor.............. haecaie 61.6 66.1 69.4 72.4 78.0 
18 in. above floor. ................... 61.7 66.2 69.6 72.7 78.3 
30 in. above floor... ................ 63.6 68.6 72.5 75.7 81.9 
64.9 70.3 74.0 77.8 84.3 
60 in. above floor.................... 73.2 78.9 82.4 87.0 94.2 
72 in. above floor. ................... 75.4 81.5 85.4 89.6 96.1 
93% in. above floor.................. 79.9 86.7 91.1 95.5 102.4 
12 in. from west wall: 
3 in. above floor.................... 58.9 63.7 67.0 70.2 74.9 
6 in. above floor.................... 59.5 64.1 67.3 70.8 75.6 
12 in. above floor.................... 59.8 64.7 67.8 71.3 76.4 
18 in. above floor.................... 60.5 65.5 68.9 72.5 78.0 
24 in. above floor.................... 62.0 67.1 70.3 74.6 79.8 
30 in. above floor... .........000c0000. 63.4 68.4 71.8 75.7 82.1 
36 in. above floor... ................ 65.4 70.5 74.2 77.5 84.5 
' 48 in. above floor.................... 69.7 75.2 78.3 82.9 89.8 
60 in. above floor... ................. 72.7 78.4 81.5 86.3 93.3 
72 in. above floor.................... 76.3 82.3 85.5 90.0 96.4 
4 931% in. above floor.................. 82.1 88.8 93.0 97.0 104.3 
q 214 in. above floor: 
d 18 in. in front of radiator............. 61.1 65.9 68.6 72.6 77.3 
L 36 in. in front of radiator............. 59.6 64.3 68.3 70.8 75.9 
Cold space near cold walls................ 14 14 14 14 14 
Globe thermometer (center of room): 
12 in. above floor... ................. 61.7 66.3 69.6 73.1 78.5 
48 in. above floor... ................. 67.0 72.7 76.3 80.2 86.6 
5 Total rate of condensation, Ib/hr........... 6.34 7.00 7.50 8.02 8.96 
q No load condensation, Ib/hr............... 0.11 0.11 0.11 0.11 0.11 
q Net rate of condensation, Ib/hr............ 6.23 6.89 7.39 7.91 8.85 
Net rate of heat emission, Btu/hr.......... 6033 6672 7156 7660 8570 


ence at the 5 ft level and 15.1 percent less steam per degree of temperature dif- 
ference in the living sone; furthermore, these results were obtained with a 
greater air temperature gradient from floor to ceiling (23 F) with the enclosure 
than with the bare radiator (21 F). 

In 1931, Mr. Frost® reported that enclosed radiators gave higher air tem- 
peratures and lower condensation rates with substantially the same average air 
temperature for the full height of the test room than did bare radiators when 
both were tested in rooms with water-cooled steel walls. 

In 1931, Kratz and Fahnestock? concluded that maintaining a temperature of 
68 F at the 30 in. level is a more acceptable test standard than maintaining 
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TABLE 5—SUMMARY OF RESULTS OF TESTS OF FRONT OUTLET CONVECTORS AND 
BASEBOARDS 


Test NUMBER 


ll 12 13 14 15 16 17 18 19 


Air Temperatures, F: 
Center of room: 


3 in. above floor.......... ..| 66.3 | 62.5 | 64.7] 63.0} 63.9 | 61.3 | 61.1 | 644 | 59.8 
6 in. above floor.............. 66.9 | 63.7 | 65.9 | 64.2 | 65.1 | 63.0 | 62.7 | 67.0 | 62.2 
12 in. above floor.............. 68.1 | 65.2 | 67.6 | 65.7 | 66.9 | 645] 642) 68.1 | 63.2 
18 in. above floor.............. 68.7 | 67.0} 69.0 | 67.1 | 68.8 | 66.1 | 66.3 | 69.5 | 64.6 
24 in. above floor.......... .| 70.4 | 68.3} 70.6} 68.5 | 70.2 | 67.2 | 67.1 | 70.2 | 65.3 
30 in. above floor........... ..| 73.2 | 69.4 | 72.5 | 70.0 | 71.4 | 67.7 | 67.4 | 70.5 | 65.6 
36 in. above floor.............. 75.7 | 70.3 | 73.9 | 71.6 | 72.5 | 68.2 | 68.1 | 70.8 | 66.0 
48 in. above floor.............. 80.5 | 72.7 | 76.3 | 748 | 74.2 | 69.8] 70.6] 71.6 | 67.2 
60 in. above floor.......... ..| 83.8 | 748] 78.9 | 76.6] 77.1 | 72.0] 72.0 | 72.6 | 68.2 
72 in. above floor.............. 84.3 | 75.2 | 79.7 | 76.6 | 77.3 | 71.8] 71.9 | 72.4 | 67.5 
9314 in. above floor............ 88.5 | 79.2 | 82.8] 80.6] 80.7 | 76.3] 76.0] 73.4 | 68.9 
12 in. from west wall: 
3 in. above floor.............. 65.8 | 62.0} 64.3 | 62.4] 63.4 | 60.6 | 60.6] 648 | 60.2 
6 in. above floor.............. 66.6 | 64.2 | 65.6 | 646] 648] 62.1 | 63.1 | 66.3 | 61.7 
12 in. above floor.............. 67.1 | 65.0 | 67.2 | 65.2 | 66.7 | 63.9 | 63.9 | 67.5] 63.1 
18 in. above floor.............. 68.4 | 66.1 | 68.6 | 66.4 | 68.2} 65.1 | 65.3 | 68.5 | 63.9 
24 in. above floor.............. 70.1 | 67.8 | 70.3 | 67.8 | 69.9 | 66.1 | 66.3 | 69.5 | 64.8 
30 in. above floor.............. 72.7 | 68.7 | 71.9 | 69.4 | 71.1 | 66.6 | 67.0 | 69.4 | 65.2 
36 in. above floor.............. 75.9 | 70.6 | 73.7 | 72.1 | 73.0} 68.4 | 68.6] 71.0 | 66.2 
48 in. above floor.............. 80.1 | 72.5 | 76.6 | 74.8 | 75.3 | 70.0 | 70.2 | 71.6} 67.1 
60 in. above floor.............. 82.1 | 73.7 | 78.6 | 76.3 | 76.2 | 70.7} 71.6) 72.4) 68.1 
72 in. above floor..............| 85.7 | 75.6 | 80.8 | 783 | 78.0 | 72.4] 72.8 | 73.2 | 69.0 
931% in. above floor............ 90.0 | 78.6 | 83.4] 79.6 | 80.2 | 75.0] 74.9] 75.3 | 71.2 
Air inlet to units*: 
18 in. in front of unit...........| 67.3 | 63.5 | 65.7] 63.5 | 644] 61.8 | 61.8 | 65.5] 61.6 
36 in. in front of unit......... 66.5 | 63.0 | 65.3 | 63.2 | 641] 61.1 | 60.8} 65.0 | 60.6 
Cold space near cold walls, F........} 14 14 14 14 14 14 14 14 14 
Globe Thermometer (room center): 
12 in. above floor............ 68.2 | 65.3 | 67.7 | 65.6] 66.8 | 64.0] 63.9 | 67.6 | 62.9 
48 in. above floor.............. 77.4 | 70.4 | 74.2 | 72.2 | 72.7 | 68.1 | 683] 70.2 | 65.4 
Total rate of condensation, lb/hr. . 7.16 | 6.39 | 682 | 6.44] 6.52] 6.11 | 6.14] 650] 6.14 
Net rate of condensation, Ib/hr......| 7.05 | 6.19 | 6.62 | 6.24 | 6.32 | 5.91 | 5.94 | 6.50] 6.14 


Net rate of heat emission, Btu/hr....| 6827 | 5994 | 6411 | 6043 | 6120 5723 | 5752 | 6295 | 5946 


a At one-half height of air inlet for convectors and 3 in. above floor for baseboard. 


70 F at the 5 ft level. In discussing this paper, S. R. Lewis pointed out the need 
for a new term to describe the numerical magnitude of effective heat. 

In 1931, Trane and Scanlan® reported the results of tests on cast iron radia- 
tors and convection heaters in a room with three water-cooled steel walls and 
with no infiltration ; the tests showed that the rate of heat loss from a given room 
is dependent upon the type of heating unit used and that heating effect or 
effective heat measures this change in the overall rate of heat transfer per degree 
of temperature difference. 

In 1932, Kratz and Fahnestock® compared the results obtained from testing 
four types of convectors with an unenclosed 5-tube cast iron radiator when a 
temperature of 68 F at a level of 30 in. above the floor was maintained in all 
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TABLE 6—SUMMARY OF TESTS OF SLANT Top AND Top OutTLet CONVECTORS 
AND NoN-STANDARD RADIATORS 


Test NUMBER 


| 21 | 22 | 23 | 24] 31 | 32 | 33 | 34 | 35 | 36 | 41 | 42 


Air Tem peratures, F: 
Center of room: 
3 in. above floor. . . 66.3) 66.4] 63.9] 69.7| 61.8) 63.0) 59.2| 61.3} 73.5) 77.9} 61.7) 62.5 


6 in. above floor... ..... | 66.7] 67.8] 65.1] 72.2} 62.0) 64.1) 59.9] 62.1] 75.4] 80.0] 62.5] 63.5 
12 in. above floor. . . . 68.0} 69.6} 66.7} 74.0} 63.3] 65.9] 61.4] 63.9] 77.4] 82.4) 63.8] 64.7 
18 in. above floor............ .| 68.6} 71.5) 68.4) 76.2) 63.7] 67.3] 62.9] 65.3) 79.3) 84.5] 64.4] 65.6 
24 in. above floor. . .| 70.0} 72.9} 69.9) 77.2) 64.8] 68.9] 64.4] 66.7] 80.9) 85.8] 65.6] 66.3 
30 in. above floor.......... ...| 72.3} 74.5] 71.5] 77.9] 66.4] 70.7] 65.8] 68.4] 82.2) 87.2/ 67.0} 67.6 
36 in. above floor.......... ...| 75.1) 76.4] 72.8] 79.1) 68.5) 71.8} 66.9) 69.7) 83.0} 88.5] 68.4] 69.0 
48 in. above floor...... ..| 79.9} 79.4] 75.6] 81.5] 73.6] 74.7] 69.8) 72.1) 85.2) 90.7) 72.0) 71.7 
60 in. above floor... ... .....| $4.6] 82.5] 78.0} 83.8] 78.0} 77.7] 71.7| 75.3} 88.9| 94.5] 75.7] 74.2 
72 in. above floor................. .| 85.2} 82.3] 78.0] 83.4] 79.2] 78.0] 71.6] 75.9} 88.2) 94.5) 76.8] 75.7 
9314 in. above floor... ..... | 89.9 86.0} 81.4] 88.2) 84.3] 82.6) 75.1} 79.5) 94.5} 101.6] 81.5) 80.1 
12 in. from west wall: | 
3 in. above floor... ... .| 65.7} 65.6} 63.3] 69.1) 61.2] 62.0) 58.4] 60.4} 72.5) 77.1] 61.4] 61.9 
6 in. above floor........... | 66.5} 67.0} 65.4] 71.3] 61.9] 63.3] 59.9] 61.3) 74.7] 79.0] 61.9] 62.8 
12 in. above floor. . . 66.9 69.2) 66.6] 73.4] 62.2) 65.2] 61.4] 63.0) 76.8] 81.6} 62.5} 63.9 
18 in. above floor . (68.2 70.7| 67.9) 75.1) 63.4] 66.6} 62.5] 64.4] 78.2] 83.4] 63.5] 64.8 
24 in. above floor. . .| 69.6] 72.5) 69.6) 76.4) 64.3) 68.6] 64.0) 66.3) 80.0} 85.0) 65.4) 65.9 
30 in. above floor..................| 72.0} 74.0] 71.1] 77.6} 66.3} 70.0) 65.4] 67.5] 81.3] 86.8] 66.9] 67.4 
36 in. above floor.......... _.| 75.3] 76.1] 73.2| 79.2) 68.9] 72.0} 67.2] 69.7) 83.1] 88.5] 68.7| 69.0 
48 in. above floor. . . | 80.1} 78.9] 75.7] 81.2] 74.0} 74.4] 69.5) 72.1] 85.5) 91.0} 72.5} 71.6 
60 in. above floor... ... | $2.5] 81.6] 77.1) 82.2) 76.8] 76.5} 71.0} 74.1) 87.0) 92.9) 74.7) 73.1 
72 in. above floor... ... 85.6} 84.9) 79.3] 84.6] 79.3) 78.8] 72.8] 76.8) 89.8] 95.4] 77.1) 76.2 
931% in. above floor 91.5] 85.7] 81.0} 86.9} 85.7} 82.3) 74.9] 79.2) 93.3] 99.2} 82.9] 79.4 
Air inlet to units*: 
18 in. in front of unit... 67.0) 66.7) 63.9] 69.9] 63.1) 63.7] 59.3] 61.9) 74.4] 78.4) 63.0) 64.4 
36 in. in front of unit..... 66.4} 66.5} 64.1] 69.6) 62.5] 63.6} 59.2! 61.8) 73.6) 78.1) 61.7) 63.6 
Cold space near cold walls, F..... 14 |14 {14 {14 {14 |14 {14 [14 
Globe Thermometer (room center): 
12 in. above floor..................| 68.3} 69.3} 66.8] 73.4] 63.6] 65.8) 61.4! 63.8) 77.0} 82.0] 63.9] 65.0 
48 in. above floor. . 77.1) 76.7| 73.1| 79.2) 71.1] 72.4| 67.4] 70.4) 83.1] 88.4] 69.9] 70.0 
Total rate of condensation, lb/hr... 7.18} 7.18] 6.51) 7.48] 6.51) 6.68} 5.83) 5.94) 8.02) 8.50} 6.50] 6.46 
Net rate of condensation, Ib/hr...... 7.07| 6.98! 6.31| 7.28) 6.40} 6.48) 5.63] 5.74] 7.82) 8.30) 6.39] 6.26 


Net rate of heat emission, Btu/hr....... . 5452) 5559| 7573|8038/6188| 6062 
| | 


a At one-half height of air inlet for convectors and 2%% in. above floor for radiation. 


cases. The heights of the convector enclosures were between 26 in. and 30% in., 
while the height of the cast iron radiator was 26 in. The output of the radiator 
was adjusted by wrapping sections, while the outputs of the convectors were 
adjusted by blocking off part of the enclosures and heating elements. They 
concluded that the convectors condensed from 1.5 to 7.1 percent less steam than 
the unenclosed cast iron radiator when maintaining 68 F at the 30-in. level. 
In 1940, Kratz, Fahnestock, Broderick, and Sachs!® reported on tests of 
radiators and convectors. Three-tube and five-tube cast iron radiators with a 
height of 26-in. and 3-tube radiators with a height of 25 in. were tested, and 
convector enclosures with a height of 26 in., 28 in., and 29 in. were tested. In 
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TABLE 7—VALUES OF EFFECTIVE HEAT FoR Front OuTLET CONVECTORS AND 


BASEBOARDS 
HEIGHT | Test NUMBER 

mapa q ll 12 13 | 14 15 16 17 | 18 19 

PoInrT, | 
IN. 6827 5994 6411 6043 6120 5723 5752 6295 5946 
3 At 52.3 48.5 50.7 49.0 | 49.9 47.3 47.1 50.4 45.8 
qs | 7020 | 6415 | 6760 | 6490 | 6625 | 6240 | 6215 | 6710 | 6040 
EH 28 7.0 5.4 7.4 £3 9.0 8.0 66 | 16 
6 At 52.9 49.7 519 | 502 | 51.1 49.0 | 48.7 53.0 48.2 
qs | 6990 | 6500 | 6830 | 6570 | 6710 | 6400 | 6350 | 7010 | 6280 
EH 2.4 8.4 6.5 8.7 | 96 |] 118 104 | 114 5.6 
12 At 54.1 51.2 53.6 51.7 | 52.9 50.5 50.2 541 | 49.2 
qs | 6960 | 6530 | 6880 | 6605 | 6780 | 6435 | 6395 | 6960 | 6260 
EH | 89 | 73 | 93 | 108 | 124 | 112 | 106 | 53 

| 
18 At 54.7 53.0 55.0 | 53.1 | 548 52.1 52.3 55.5 50.6 
qs | 7010 | 6760 | 7060 | 6775 | 7025 | 6635 | 6660 | 7140 | 6420 
EH 2.7 12.8 10.1 12.1 14.8 15.9 15.8 13.4 8.0 
24 At 56.4 54.3 56.6 54.5 56.2 53.2 53.1 56.2 51.3 
qs; | 7085 | 6795 | 7120 | 6825 | 7055 | 6655 | 6640 | 7060 | 6400 
EH 3.8 13.4 11.1 12.9 15.3 16.3 15.4 12.2 | 76 
30 At 59.2 55.4 58.5 | 56.0 | 57.4 53.7 53.4 56.5 51.6 
qs | 7270 | 6760 | 7175 | 6840 | 7025 | 6540 | 6500 | 6900 | 6280 
EH 6.5 12.8 11.9 13.2 148 14.3 13.0 96 | 5.6 
36 At 61.7 56.3 59.9 57.6 58.5 54.2 54.1 56.8 | 52.0 
q. | 7375 | 6670 | 7140 | 6840 | 6955 | 6420 | 6105 | 6740 6160 
EH 8.0 11.3 11.4 13.2 13.6 12.2 11.4 71 | $8 
48 At 66.5 58.7 62.3 60.8 60.2 55.8 56.6 7.6 | 53.2 
q. | 7410 | 6460 | 6885 | 6700 | 6630 | 6145 | 6230 | 6340 | 5880 
EH 8.5 78 74 10.9 8.3 7.4 8.3 0.7 | -1.1 
60 At 69.8 60.8 64.9 62.6 63.1 58.0 58.0 58.6 | 54.2 
q. | 7260 | 6210 | 6670 | 6405 | 6465 | 5910 | 5910 | 5970 | 5510 
EH 6.3 36 | 40] 60 5.6 3.3 | | 
| | 
72 At 70.3 | 61.2 | 65.7 | 62.6 | 63.3 57.6 57.9 | 584 | 535 
q- | 7020 | 6010 | 6500 | 6160 | 6240 | 5630 | 5660 | 5710 5210 
EH 28 | 03 | 14] 19 | 2.0 | -16 | -16 | -93 | -124 
| | 

93% At 74.5 | 65.2 | 688 | 666 | 667 62.3 62.0 | 504 | 549 
qs | 6860 | 5965 | 6295 | 6090 | 6100 | 5710 | 5680 | 5489 | 5090 
EH 0.5 | -0.5 | -18 | 08 | -03 | -02 | -12 |-13.0 | -144 
Average EH for 42} 78 | 68 | 8.8 | 93 | 92| 85 | 40, 


all heights 


these tests, equivalent temperatures at the 30 in. level were measured by a 
thermo-integrator. Some of the authors’ conclusions were: the use of a test room 
as large as 15 ft by 18 ft with an 8 ft 6 in. ceiling height tends to reduce inherent 
differences in performance of radiators and convectors but does not alter these 
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TasL_eE 8—VAaLvuEs OF EFFECTIVE HEAT For SLANT Top AND Top OUTLET 
CoNVECTORS AND NON-STANDARD RADIATORS 


HEIGHT TEst NUMBER 
OF 

pam q 21 22 23 24 31 32 33 34 35 36 41 42 
1. 6847 | 6759 | 6111 | 7050 | 6198 | 6275 | 5452 | 5559 | 7573 | 8038 | 6188 | 6062 
3 At 52.3 | 52.4 | 49.9 | 55.7 | 47.8 | 49.0 | 45.2 | 47.3 | 59.5 | 63.9] 47.7] 48.5 


24 At | 56.0) 58.9) 55.9] 63.2) 508] 549) 504] 52.7] 66.9] 71.8] 516] 523 


30 At | 58.3 | 60.5) 57.5 | 63.9 | 52.4 | 56.7] 51.8] 544] 682] 73.2] 53.0] 53.6 
EH 44) 104) 15.2] 12.9] 29) 104] 156] 193] 13.7] 17.1] 42] 7.7 
36 At | 61.1 | 62.4 58.8 65.1 | 54.5} 57.8 |) 52.9 | 55.7 | 69.0) 74.5] 544] 55.0 
EH 65 | 10.5| 144] 12] 4.1 9.3] 148] 187] 108] 145) 411] 7.4 
48 At | 65.9 | 65.4 | 61.6] 67.5 59.6 60.7 | 55.8 | 58.1 | 71.2 | 76.7 | 58.0} 57.7 
EH 7.0) 76) 113] 69) 58) 65] 127] 150) 89] 31] 48 
60 At | 70.6 | 68.5 | 64.0 | 69.8 | 64.0] 63.7 | 57.7] 61.3 | 74.9] 80.5 | 61.7] 60.2 
EH 75] 50) 75] 30] 60) 42] 78] 126] 45] 7.5] 20] 13 

At | 71.2 | 68.3 | 64.0} 69.4 | 65.2 | 64.0] 57.6] 61.9 | 742] 80.5 | 62.8] 61.7 


to 


qs 
EH 41} 40] 06] 33] 96)-10] 35/-01] 0.0 
9314 At | 75.9 | 72.0] 67.4 | 74.2 | 70.3 | 68.6] 61.1 | 65.5 | 80.5] 87.6 | 67.5] 66.1 
qs 
EH 09/-31) 38) 00/ 28] 78)/-04] 52]-01}-02 


Average EHfor; 3.9] 62] 100) 84] 31] 5.7] 104] 144] 88] 128] 24] 51 
all heights 


characteristics sufficiently to affect materially conclusions drawn from similar 
tests in smaller rooms; radiators and convectors that produce the least air tem- 
perature differences between ceiling and floor give the smallest rates of steam 
condensation while maintaining 68 F at the 30 in. level; the equivalent tem- 


qs | 7020 | 7040 | 6625 | 7590 | 6315 | 6490 | 5950 | 6240 | 8260 | 9060 | 6300 | 6415 
EH 25; 42] 84 7.7 19| 3.4 9.1 | 12.2 9.1 | 12.7 1.8 5.8 
6 At 52.7 | 53.8 | 51.1 | 58.2] 48.0] 50.1 | 45.9] 48.1 | 61.4] 66.0] 48.5] 49.5 
qs | 6960 | 7140 | 6710 | 7880 | 6255 | 6560 | 5970 | 6270 | 8450 | 9290 | 6320 | 6470 
EH 1.6 5.6} 98] 118] 09 4.5 9.5} 12.8] 11.6] 15.6 2.1 6.7 
12 At 54.0 | 55.6 |} 52.7 | 60.0} 49.3 | 51.9] 49.9] 63.4] 684] 49.8] 50.7 
qs | 6945 | 7190 | 6750 | 7910 | 6270 | 6640 | 6020 | 6355 | 8480 | 9360 | 6340 | 6460 
EH 1.4 6.4} 10.5} 12.2 1.2 5.8 | 10.4} 14.3] 12.0] 16.4 2.5 6.6 
18 At 54.6 | 57.5 | 54.4] 62.2 | 49.7] 53.3) 48.9) 51.3 | 65.3] 70.5) 50.41] 51.6 
qs | 7000 | 7450 | 6965 | 8210 | 6300 | 6800 | 6190 | 6520 | 8730 | 9680 | 6390 | 6560 
EH 2.2) 102] 14.0] 16.5 16| 84] 13.5] 17.3} 15.3] 20.4 3.3 8.2 
| 
qs | 7030 | 7450 | 7015 | 8130 | 6340 | 6880 | 6285 | 6590 | 8730 | 9560 | 6440 | 6530 
EH | 2.7 | 10.2 | 14.8} 15.3 2.3 9.6 | 15.3] 186] 15.3] 18.9 4.1 7.7 
| | | | | | | 
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peratures produced by radiators are somewhat higher than those produced by 
convectors for the same air temperature. In the large room, three different 
convectors, each with an enclosure height of 26 in. showed, as an average, a 
condensation of 0.1337 lb of steam per hr for each degree of temperature differ- 
ence between air at the 30 in. level in the center of the test room and air in 
the cold space, while the condensation rate of the 3-tube radiator 25 in. high 


Number of sections in 6-tube C/ radiator 32 in high 
68 
& 
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Fate of heat emission, Btu per pr 


Fic. 7. PERFORMANCE OF STANDARD Cast IRON 
RADIATORS 


and the 5-tube radiator 26 in. high was 0.143 Ib per hr for each degree of tem- 
perature difference so measured. These results were obtained with an air tem- 
perature in the center of the room at the 30 in. level of 68.0 F +0.2 deg, and a 
temperature of the cold space of —1.3 F +0.3 deg, and indicate an average 
effective heat for the 26 in. enclosure of 6.4 percent when compared with the 
radiators. 

In the Commercial Standard CS 140-47 of the United States Department of 
Commerce for Testing and Rating Convectors, there appears a table for addi- 
tions to observed ratings of convectors with front outlets (Table 1). 

For ratings of convectors with top outlets, no additions to observed capacity 
are allowed. 
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For ratings of convectors with inclined outlets, the maximum additions to 
capacity are found by multiplying the tabular values for front outlets by the 
ratio of the angle of outlet with the horizontal to 90 deg. For example, a 30 
deg slant top convector with the top of the outlet 24 in. above the floor would 
have a maximum addition to observed capacity of (30/90) (9) or 3 percent. 
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Fic. 8. Errective Heat at DIFFERENT LEVELS OF 
THE INDEX POINT 


PurRPOSE OF TESTS 


The purpose of the test program suggested by the Engineering Committee 
of the CMA, consisting of E. G. Powell, R. D. Tutt, and E. L. Broderick (con- 
sultant), was to determine the condensate necessary to heat a structure to a 
given condition when using devices of different outlet air ejection heights and 
locations and to determine a new standard against which to compare the per- 
formance of the convectors. 


e 
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TEstT PROCEDURE 


All radiators, convectors, and baseboards were tested in the cold room of the 
Sibley School of Mechanical Engineering at Cornell University with a procedure 
that complied with Commercial Standard CS 140-47. The construction and 
arrangement of this cold room are shown in Fig. 1. The cold room is enclosed 
in a refrigerated shell space that is 26 ft X 29 ft with a ceiling height of 11 ft 
11 in. Cold air is supplied through a horizontal duct that runs above the inner 
cold or test room; air is recirculated to the coil room at the floor level of the 
shell space. As indicated in Fig. 1, the west and north walls of the test room 
simulate exposed walls, while the south and east walls, floor, and ceiling are 
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Fic. 9. ErrectivE Heat oF DIFFERENT HEATING 
UNITS AT THE 24-IN. LEVEL 


more heavily insulated. Calculated values of the overall coefficients of heat 
transfer for the structure appear in Table 2. 

During most of the tests reported, air was supplied through a continuous slot 
around the periphery of the north window at a controlled rate of 12 cfm by a 
small blower taking cold air from the shell space (see Fig. 2). In this way, 
infiltration of air through window cracks, amounting to one-half air change per 
hour was simulated. This is equivalent to an additional heat loss of 13 Btu per 
(hr) (F deg), making the total for the room 112.5 Btu per (hr) (F deg). 
In all tests, the air temperature in the cold shell space was held at 14 F +¥% deg. 
Air motion in the test room was a result of natural circulation, and the relative 
humidity in the test room was well under 75 percent in all tests. 

Steam was supplied to each unit tested at a controlled pressure of 31.75 in. 
Hg absolute, which is the saturation pressure at 215 F; the degree of superheat 
in all tests was 5 F. Condensate was collected outside of the test room in a 
conventional collector with an air vent. 

Air temperatures were measured by copper-constantan thermocouples located 
at the center of the room and also in a vertical line 12 in. from the west wall at 
the following elevations above the surface of the floor: 3 in., 6, 12, 18, 24, 30, 
36, 48, 60, 72, and 931% in. (3 in. below the ceiling) (Fig. 3). Also globe ther- 
mometers with a diameter of 2 in. were used in the center of the room at eleva- 
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tions of 12 in. and 48 in. In the tests of all radiators, the air inlet temperatures 
were measured with shielded copper-constantan thermocouples at a height of 
2% in. above the floor and at distances of 18 in. and 36 in. in front of the 
center of the radiator face. (Fig. 4) In the tests of all convectors, the air 
inlet temperatures were measured with shielded copper-constantan thermo- 
couples located in accordance with Section 19d, CS 140-47, at one-half the height 
of the inlet air grille and 18 in. in front of the convector inlet. Also, a second 
air inlet temperature was observed 36 in. in front of the convector inlet (Fig. 3). 
A high top outlet convector and a low front outlet convector under test are shown 
in Figs. 5 and 6. 

The cast iron radiators used as the standards were 6 tubes in depth and 32 in. 
high. These were located as shown in Fig. 4 on the north wall between the win- 
dow and the west wall. Five sizes were used with 7, 8, 9, 10, and 12 sections, 
with no wrapping or blocking of any sections. Each radiator was painted with 
a flat prime coat of medium gray oil paint and was located 114 in. from the wall 
and had a total pitch of 4 in. 

The convector enclosures had top, back, and sides of 20-gage steel and fronts 
of 18-gage steel. The inside and outside of the enclosures were painted with a 
flat prime coat of medium gray oil paint. The air inlet was without grille and the 
air outlet was a typical deflection type grille. All units with an overall height 
of 24 in. or less were located under the window on the north wall, while those 
with an overall height of more than 24 in. were located on the north wall between 
the window and the west wall. A total pitch of 4 in. was given each unit, and 
a small insulated copper tube vented the element continuously outside of the test 
room. 

The convector heating elements were constructed of 44 in. O.D. copper tubes 
with aluminum fins. The fin thickness was 0.013 in., with 6 fins per inch, and 
the fin height was 2 in. on all elements. The length of each element was %% in. 
less than the overall length of the enclosure. 

The dimensions of the heating units are shown in Table 3, and the test 
schedules and the observed test results are given in Tables 4 to 6, inclusive. The 
effective heat values at different index point heights for the various heating units 
are shown in Tables 7 and 8. 


Discussion OF RESULTS 


From the tests of the cast iron radiators 32 in. high, which were used as 
standards, (Table 3) the curves of Fig. 7 were plotted. In this figure, the dif- 
ference between the temperature of the air in the test room at a given index 
point and the temperature of the air in the cold shell space is plotted as ordinate 
vs. the net rate of heat emission of the radiator as abscissa. There are eleven 
curves, one for each height of the index point in the center of the room. In the 
test of a non-standard unit, the temperature difference at the index point (At) 
and the net rate of heat emission (q) are observed; the rate at which the 
standard radiator would emit heat (q,) to maintain the same temperature differ- 
ential is then read from Fig. 7. The effective heat in percent of the non-standard 
unit at the chosen index point is found from the relation 


EH = 100 (q,/q — 1) 


a 
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For example, (Table 5) in test 15 of the front outlet convector 20 in. high, 
At at the 24 in. level is 70.2 — 14= 56.2 F, and g= 6120 Btu per hour. In 
Fig. 7 the standard cast iron radiator would have to emit heat at the rate of 
qs = 7055 Btu per hour to maintain a differential of 56.2 F at this level. The 
percent effective heat is 100 (7055/6120 — 1) or 15.3. 


CoNCLUSIONS 


1. For each unit tested, there is one level of the index point that gives maximum 
effective heat. This is clearly shown in Fig. 8. For convector enclosures with the 
same type of air discharge, the elevation of this point increases as the height of the 
enclosure increases. For enclosures of the same height but with different types of air 


TABLE 9—CoMPARISON OF PERCENT OF EFFECTIVE HEAT WITH 
HEIGHT oF INDEX PoINT 


HEIGHT OF Top OF MAxXimuM EFFECTIVE | HEIGHT OF INDEX POINT 
ENCLOSURE ABOVE OUTLET TYPE HEAT, PERCENT FOR MAXIMUM EFFECTIVE 
FLoor IN. Heart, IN. 
13% front 16.3 24 
30° slant 16.5 18 
top 15.3 18, 24 

20 front 15.3 24 

30° slant 15.2 30 

top 15.6 30 

24 front 11.9 30 

30° slant 10.5 36 

top 10.4 30 

32 front 8.5 48 

30° slant 7.5 60 

top 6.0 60 


discharge, the height of the index point for maximum effective heat increases as the 
air is given a greater upward deflection at the outlet. 

The practical significance of this result is that the height of front outlet enclosures 
should not exceed 20 in., while slant and top outlet convectors should be from 3 in. 
to 6 in. lower if maximum effective heat is desired at a low level, 24 in. A collection 
of some of the results in Table 9 illustrates this conclusion. 

2. At very high and very low levels in the center of the test room, all units tested 
showed low values of effective heat. For all heights of front outlet enclosures, the 
effective heat 3 in. above the floor was between 2.8 and 9.0 percent; for the baseboards 
at this level, the effective heat was between 1.6 and 6.6 percent. For 30 deg slant top 
convectors, the values were between 2.5 and 8.4 percent; for top outlet convectors, 
between 1.9 and 9.1 percent. 

At a point 3 in. below the ceiling, the front outlet convectors showed effective heats 
between —1.8 and 0.5 percent; for baseboards, these effective heats were between 
—14.4 and —13.0 percent. For 30 deg slant top convectors, these effective heats were 
between —3.1 and 2.4 percent; for top outlet convectors, between —0.4 and 3.8 
percent. 

3. Based upon the results of these tests, alone, a suggested table of effective heats 
as shown in Table 10. 

The principal difference between this table and the one given in Commercial Stand- 
ard CS140-47 is in the performance of the slant top and top outlet convectors. For a 
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given height above the floor of the top of the discharge grille, these tests showed no 
significant difference in the effective heats at the 24-in. level of different types of 
outlets. 

In Fig. 9 are shown effective heats at the 24-in. level plotted against the height 
of the top of the discharge grille above the floor. 

4. The effect of infiltration on effective heat of the same heating unit is not posi- 
tively established because the number of tests were insufficient. However, tests 33 
and 34 may be compared to show the effects of infiltration upon the same top outlet 
convector with an enclosure height of 20 in.; in test 33, the infiltration was at the 
controlled rate of 12 cfm, while in test 34, the air slots around the window admitted 
no air. With infiltration, the maximum effective heat was 15.6 percent, and the 
average effective heat at all levels was 10.4 percent; without infiltration, the maxi- 
mum effective heat was 19.3 percent, and the average effective heat at all levels was 
14.4 percent. It must be remembered that the performance of the convector, both with 
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and without infiltration, is compared with the performance of the standard radiator 
with infiltration in finding these effective heats. 

It is a fact that infiltration should cause a lower room air temperature and a greater 
rate of heat emission for a given temperature of the outdoor air if infiltration does 
not change the output of the heating unit per degree of temperature difference between 
heating fluid and room air. Without infiltration (test 34), the average temperature 
of the air in the center of the test room at all levels was 69.1 F, and the rate of 
heat emission was 5559 Btu per hour; with controlled infiltration (test 33), this 
average temperature was 66.2 F, and the rate of heat emission was 5452 Btu per hour. 
If infiltration of cold air above the convector decreases the rate of heat emission per 
degree of temperature difference between heating fluid and room air, it would be 
possible to get lower room air temperatures with about the same, or even lower, rates 
of heat emission. Apparently, there is a pronounced effect of infiltration upon this 
rate of heat emission. Similar results were obtained when a top outlet convector with 
an enclosure height of 1314 in. was tested with and without infiltration. 

5. The 12 section, 6-tube, non-standard cast iron radiator with a height of 19 in. 
showed a maximum effective heat of 4.2 percent at a height of the index point of 
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30 in. when located in the same place as the standard radiator (test 41). When the 
19-in. radiator was placed under the window, a maximum effective heat of 8.2 percent 
was obtained at a height of the index point of 18 in. (test 42). These results indicate 
that when the standard heating unit is placed at only one location in the test room, 
while the non-standard unit is tested in several different locations, different values 
of effective heat may be found for the same heating unit in the same room. 

6. These tests show conclusively that the same structure with the same temperature 
of the outdoor air, the same average temperature of the air (all levels) in the 
center of the structure, the same controlled infiltration, and the same heating fluid 
(steam) may have different rates of heat loss with different heating units. 

For the five standard cast iron radiators, the rate of heat loss from the structure 
has an average value of 118.9 Btu per hour for each degree of difference between the 
average room air temperature and the outdoor air temperature. For twelve convectors 
of different types and heights the corresponding average rate of heat loss is 111.7 
Btu per (hr) (F deg). This difference shows the influence of the local or direct 
effect of the type of heating unit on the rate of heat loss. The temperature of the 
room surface of the wall back of the 9-section standard radiator in test 3 was found 
to be 146.2 F, while the temperature of the surface of the wall back of the front 
outlet convector in test 16 was found to be 101.3 F. 

If, instead of averaging the air temperature at all levels in the center of the room 
in order to find the heat loss per degree of temperature difference, one air tempera- 
ture at the 24 in. level in the room center is used, the average rate of heat loss for 
the five standard radiators is 128.4 Btu per (hr) (F deg), while for the twelve con- 
vectors the corresponding rate of heat loss is 116.9 Btu per (hr) (F deg). Com- 
parison of these results shows the influence of temperature change with level within 
the room as well as the influence of local or direct effect of the heating unit on the 
heat loss. 

The temperature variation with level and the local heat loss near the heating unit 
are characteristic of a particular type of heating unit, and both affect the rate of 
heat loss from a given structure. 
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DISCUSSION 


W. S. Harris, Urbana, Ill. (Written) : Effective heat is a subject that has received 
a great deal of attention during the past twenty years. There never has been unanimity 
of opinion on the subject, but the data presented by the authors of this paper are a 
valuable contribution to the literature and should help in reaching common ground 
for agreement. 

First, there are three questions I would like to ask the authors, and then I wish 
to discuss certain phases of the results. 

1. Was there any insulation in the wall in back of the baseboard units? The way 
that these units are installed makes them a part of the wall and unless adequate 
insulation is provided in back of them the heat loss through the wall may be 
abnormally high. I believe most manufacturers recommend filling the stud spaces 
with insulation to a minimum height of 12 inches when baseboard units are installed 
in uninsulated houses. Their recommendation should be followed in laboratory set-ups 
as well. 

2. Were any tests made with the walls of the cold room insulated? The test 
data show that the effective heat values are closely related to floor to ceiling tem- 
perature differences. This temperature difference, in turn is largely dependent upon 
the construction of the walls of the room. I am wondering if perhaps effective heat 
is not more a function of house construction than of type of heating unit? 

3. From Fig. 2 it appears that the infiltration air is discharged into the stud space 
well below the window. Would this not reduce the wall surface temperature below 
that normally expected? If so, it could have an adverse effect on the performance of 
some heating units, especially of those which transmit heat to the room through the 
wall as well as directly to the room air. 

Effective heat factors as calculated in this paper are arbitrary values in that they 
are based on the performance of an arbitrarily selected standard heating unit operat- 
ing under arbitrarily selected conditions. These selections should represent typical 
usage in so far as it is practical to do so, if the term effective heat is to have 
practical value. Reliable statistics on factory shipments of cast iron radiators during 
the past five years indicate that the most common height of radiator is 25 in. These 
statistics indicate that over 60 percent of all cast-iron radiators sold since 1945 by 
those companies reporting was of this height, whereas 32-in. radiation represented 
only 8 percent of the total volume. In view of this it would seem that the 25-in. 
4-tube or the 25-in. 5-tube radiator would be a more logical choice for a standard 
unit than the less frequently used 32-in. 6-tube unit. Also the standard unit should 
be located under the window to be consistent with recommended installation prac- 
tice and since the majority of the other units were so located. 

There is no question in my mind but that the method of test has made it possible 
to determine the effective heat values for the units included in the scope of the tests 
when operated in accordance with the prescribed conditions in a cold room. I do 
question whether or not these values will apply when the units are used under normal 
operating conditions. I also question the value which should be placed on effective 
heat based on dry bulb temperatures alone, neglecting entirely any radiation effects. 
In support of these statements the following discussion is presented. 

Fig. A is a plot of the effective heat values based on 24 in. level air tempera- 
ture as given in Tables 7 and 8 of the paper vs. the floor to ceiling air temperature 
difference as determined from data in Tables 5 and 6. Tests 34 and 36 have been 
omitted from Fig. A as they represent a different operating condition (no infiltra- 
tion) than do the other tests. Except for the two baseboard tests, there is a distinct 
correlation between the floor to ceiling temperature difference and the value of 
effective heat. The answer to the question concerning the method of installing the 


DISCUSSION ON PRINCIPLES OF EFFECTIVE HEAT, ETC. 255 


baseboard may throw some light on the reasons why the baseboard units did not 
follow this same pattern. 

In test No. 42, using a 19-in. radiator under a window, the floor to ceiling tempera- 
ture difference was 17.6 deg, while the same height radiator operating on steam in 
the Research Home produced a floor to ceiling temperature difference of only 6.2 deg. 
In view of the apparent relationship between floor to ceiling temperature differences 
and effective heat I think it is important that the cause of the wide spread between 
floor to ceiling temperature differences obtained in the cold room and in a residence 
operated under actual use conditions be explained. 

Since we are more interested in producing a comfortable environment than in 
producing a given dry bulb temperature, it is logical that radiation effects should 
be included in the determination of effective heat. About 1933 a series of tests 
somewhat similar to those reported in this paper were made in the cold room at 
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the University of Illinois. In the tests at Illinois the heat requirements for the 
different units were compared both for a fixed dry bulb temperature near the center 
of the room and 30 in. above the floor, and for a fixed equivalent temperature at 
this same location as determined by a eupatheoscope. A 26-in., 5-tube radiator was 
used as the standard. These tests indicated that a 24-in. front outlet convector had 
a heating effect of about 13 percent based on dry bulb temperature alone, but based 
on equivalent temperature, the heating effect of this same unit was only about 7 
percent. While the tests at Illinois agree very well with the Cornell tests when 
only the dry bulb temperature is considered in determining effective heat values, the 
Illinois tests further demonstrated that when radiation effects were considered by 
basing effective heat on equivalent temperature the actual effective heat values were 
reduced by almost 50 percent, thus indicating the importance of considering radiation 
as well as convection when attempting to compare the performance of different 
types of heating units. 

The definition of effective heat states that heating units having a high effective 
heat value will heat a room to a given temperature at a fixed point with a smaller 
number of heat units than will be required by a heating unit with a low effective 
heat value, and that the amount of reduction in heat required is in direct propor- 
tion to the effective heat value. In other words, a unit having an effective heat 
value of 15 percent will require 15 percent less heat to heat a room to a given 
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temperature at a fixed point than will be required by a heating unit having an 
effective heat value of 0. If the effective heat values apply under actual use condi- 
tions as well as the prescribed test conditions the fuel consumption required to heat 
a given house with different types of heating units would be in inverse proportion 
to the effective heat values of the different units used. 

During the ten years that tests of the performance of steam and hot water systems 
have been made in the Research Home at the University of Illinois, this house 
has been heated using radiators, convectors, and baseboard units. Fig. B presents 
the daily heat input to the I=B=R Research Home over a range of indoor-outdoor 
temperature differences as obtained when using front outlet convectors with the top 
of the outlet grille 22 inches above the floor, 19-in., 4-tube radiators, and type RC 
radiant baseboard. The same boiler, burner, and general piping arrangement was 
used in each case. The fuel burning rate and the COe content of the flue gas was 
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held constant. Hot water was the heating medium and the design water temperature 
was 215 F. From data in the paper it appears that the value of effective heat for 
the baseboard might be as high as 12 percent, for the 19-in. radiator 8 percent, and 
12 percent is suggested for the convector. The fuel consumptions in Fig. B obviously 
do not follow this same pattern. At an indoor-outdoor temperature difference of 
34 deg, typical of average winter conditions at Urbana, Illinois; the average daily 
fuel consumption when using the baseboard was 8.4 percent less than when using 
the 19-in. radiators while the average daily fuel consumption when using the con- 
vectors was 11.7 percent higher than that obtained with the radiators. Thus while 
the baseboard and the convector have about the same effective heat values as defined 
in the paper there was some 20 percent difference in actual daily fuel requirements 
with these two types of heating units. 

The data just given leads me to believe that there is a vast difference in operat- 
ing characteristics of any heating unit when operated at steady state conditions in a 
cold room as compared to intermittent operation encountered in an actual installation. 
The great need at this time is further study of the causes of the differences between 
laboratory and field results so as to make it possible to translate laboratory results 
into values suitable for use at operating conditions met in actual practice. 

It also leads me to believe that the thing which has been defined as effective heat 
is really a usage factor which is more dependent upon the structure, the method of 
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installation, and the method of operation than on the design of the heating unit itself 
and therefore should not be based on unit design. 
To summarize my remarks: 


1. A 25-in. radiator would be a more representative standard than the 32-in. 
radiator. The former represents over 60 percent of the volume of radiator shipments 
while the latter represents about 10 percent. 

2. The standard unit should be located under the window so as to be consistent 
with recommended installation practice. 

3. The method of test as proposed by the authors provides data which can be used 
to calculate an effective heat factor for a unit operating in a given room under 
steady state conditions. 

4. Radiation effects in an enclosed heated space cannot be overlooked in the 
determination of any effective heat factor. 

5. If effective heat factors are to be allowed for one part of the industry, then 
an adequate and acceptable procedure for determining effective heat must be devel- 
oped which will apply to all types of heating units and effective heat factors should 
be applied to all units demonstrating that such a factor is warranted. 

6. No evidence is presented which would indicate the degree to which room con- 
struction would influence the test results. This information is needed before it is 
safe to say differences in test results obtained in different test rooms would be 
inconsequential. 

7. In suggesting a table of effective heat values it is assumed that the authors 
are suggesting these for use in establishing catalog ratings. This tacitly implies 
that the values for effective heat as determined by conditions of steady state operation 
apply equally well to the non-steady state conditions of operation encountered in 
actual house heating practices. The validity of this implication is questioned for 
the following reasons: 

a. Data contained in the paper indicate that there is good correlation between effec- 
tive heat and the floor to ceiling temperature difference. The floor to ceiling tempera- 
ture differences in the cold room were about three times as large as those observed 
in the Research Home with the system operating under normal use conditions. 

b. The definition of effective heat states that for given temperature conditions the 
heat loss of the room is a function of the effective heat value. Therefore, if the 
values of effective heat obtained by the cold room tests also apply for actual use 
conditions the fuel consumption required to heat a given space would be affected 
by the effective heat value pertaining to the unit being used as a heat source. Fuel 
consumption data for hot water heating systems in the Research Home do not sub- 
stantiate this argument. 

8. This paper is a valuable addition to the literature on the subject of effective 
heat. It suggests an experimental technique and a method for computing effective 
heat factors. 

It gives the results of a large number of tests conducted with a number of repre- 
sentative heating units and demonstrates that the magnitude of the effective heat 
factors depend upon the structure, the unit selected as standard, the location of the 
standard and non-standard units, the level in the test room used as the index point, 
the amount of the infiltration, etc. In the case of one type of radiator, one type of 
convector and one type of baseboard, the results presented in the paper are not in 
agreement with those obtained with these same units when used under actual service 
conditions in the Research Home. This emphasizes the neéd for additional work 
toward developing a laboratory procedure which will give practical results applicable 
to actual field use. 


R. S. Dirt, Washington, D. C. (WritrtEN): The purpose of rating convectors or 
other heating equipment is not to compare one device to another. The chief fact 
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which I wish to establish is that the purpose of rating heating devices is to permit 
selection of them so that their capacities fit the requirements of the rooms or 
spaces they are to serve. Use of oversized heating equipment is traditional, pre- 
sumably because oversizing results in less subsequent trouble than undersizing and 
because accurate heat loss computations are difficult and troublesome. This is the 
reason why convector ratings including a so-called heating effect factor have been 
with us for some years. At the present time the accent is on economy of metal and 
this will promote precision in heat loss computations including the raising of design 
outdoor temperatures in many localities and more accurate estimates of the infiltra- 
tion loss for houses or buildings. When heat loss calculations are really accurate, use 
of heating effect factors will become intolerable because it will result in the choice 
of equipment with too little capacity. 

The heating effect concept is objectionable in that it is illogical. It ascribes a 
rating to a device which is greater than its observed capacity. On the contrary, 
computation of the heat loss of a building by THe Guipe’s recommended method 
is a logical process and its only imperfections, if they can be called such, are due to 
such unknowns as the infiltration loss, but the formula for heat loss involving areas, 
temperature differences and a law of heat transmission is based on logic. Accurately 
applied, the formula would indicate a heat supply for a room or structure, and it 
would be impossible to heat the room or structure with a smaller supply. Use of 
a heating effect factor is based on the false premise that a room can be heated 
with less heat than it requires. 

In a conventional room temperature stratification is usual, and it can result in 
a heating requirement exceeding by 15 percent or more that which would be 
required if uniform temperature distribution were attained. Hence, research into the 

heatability of rooms or spaces may be worthwhile. The uncertainty in this subject 
is indicated on pp. 233 and 234 of THe Gurpe 1950 where some suggestions are given 
for more accurate computation of heat loss based on assumed temperature conditions. 


.? In all cases an increase in the capacity of the heating device selected is implied which 
is directly opposed to the result when heating effect factors are used. In the warm 
: air industry this effect is also recognized, and the FHA now recommends a 10 


percent factor of safety when warm air supply grilles are placed near the ceiling. 
This is virtually the application of a negative heating effect. The truth is that 
insofar as a heating device is responsible for heat loss due to bad temperature distri- 
: bution, it is inefficient and it could properly be given an efficiency, less than unity, 
; instead of a credit obtained by comparison with another device which is considered 
inferior. 

For many years it has been recognized that a better heat distribution and a 
better economy could be obtained with a low rather than a high heating device, and 
the chief reason for this is the greater heat loss through the ceiling and upper por- 
tions of the walls with a bad temperature distribution. This fact has been used in 
attempts to justify heating effect factors for convectors. A salesman on one occasion, 
however, was frank enough to admit that convectors needed heating effect factors in 
order to face competition. This being so, it is apparent that heating effect factors 
should be set by the sales department and not on engineering considerations in 
any given company. 

Heating effect factors are used in connection with Commercial Standard ratings 
simply because I was heavily outvoted in Committee. Commercial Standards are 
based to a large extent on the democratic principle of majority rule and, as chair- 
man of the Rating Committee, I have approved the ratings of many convectors which 
included the prescribed allowance for heating effect. The only achievement attribu- 
table to my efforts is the requirement in the Commercial Standard that heating effect 
factors used in computing ratings shall be included in manufacturers’ catalogs or 
other tabulated rating data. This is proper since it informs the engineer or designer 
so that his computations can be suitably amended if need be. So long as the facts 
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are disclosed, particularly to Government engineers or designers, my essential func- 
tion has been performed. 

A series of tests essentially similar to that described in the present paper has fre- 
quently been discussed at the National Bureau of Standards and elsewhere in the 
past, and the usual conclusion was that such a project was practically futile for 
several reasons, and I am not convinced to the contrary now. The first reason is 
that the results can be qualitatively predicted; another is given on page 236 in the 
paper where it states, Jt must also be clear that standard and non-standard heating 
units when tested in test room A may give different values of effective heat than 
when both are tested in test room B. In other words, the results depend on the con- 
ditions of tests, in particular on the characteristics of the test room. In this case 
the rooms’ characteristics were palpably fortunate for the sponsors of the project, 
since high heating effects are indicated for convectors of the more popular sizes. 
The low heating effect indicated for an 8-in. device must bring grief to manufacturers 
of floorline radiators or convectors, and perhaps they will see fit to expend some 
thousands of dollars to demonstrate that such devices have compensating virtues. 

The authors state that the characteristics of the test room can also affect the 
results of capacity tests, and this is admitted, but the effect is demonstrated to be 
minor since both convectors and radiators have been tested in cold wall rooms, cool 
wall rooms, and open booths, all specified in the Commercial Standard, and the 
results agree with acceptable accuracy. 

Assignment of the same heating effect to top outlet, slant outlet, and front outlet 
convectors is tantamount to saying that a room is equally well heated with any of 
the three types, and this is contrary to common experience. Also, and again, the 
inferior performance of the low device, with the top of its discharge grille 8 in. above 
the floor is mysterious and contrary to test data obtained at the National Bureau 
of Standards and elsewhere. The only theory that accounts for the poorer perform- 
ance of the low device is that there was no insulation, or very little insulation, on 
the back of it. 

Comparison of devices some of which are located under a window and others of 
which are located adjacent to the wall beside the window and then attributing 
observed differences in performances to the characteristics of the devices is not 
regarded as justifiable. The ventilating slot around the window used in these tests 
is certainly not a conventional thing, and its use may account in part for the anomalous 
performance reported for the low heating devices. It is noted that the radiator selected 
for a standard is 32 in. high instead of 38 in. used by some investigators heretofore 
and that the so-called index point is 24 in. above the floor, which is lower than 
anyone has attempted to standardize before, so far as I know. There is nothing 
peculiarly beneficial about the 32-in. radiator any more than there is for the 38 in. 
A 24 in. for the index or reference point is regarded as too low since it is obviously 
below the center of gravity of a person even when seated. 

To summarize in conclusion, I believe it should be established that the purpose of 
ratings for heating systems or devices is to permit selection of capacities to fit 
requirements; research into the heatability of rooms is desirable; and no heating 
devices should have a rating greater than their observed capacity. 


R. H. WeIcEL* and H. W. WitttAms,* Johnstown, Pa. (WRITTEN): The authors 
have defined effective heat in terms of the ratio of the heat emission of a standard 
heating unit to the heat emission of a non-standard heating unit required to maintain 
the same air temperature at an index point in the test room as the standard with the 
same external conditions. The selection of the standard heating unit, hence, assumes 
a role of great importance and should be selected with great care. First, it should 
be representative of the wet-heat industry as determined by popular usage and 


* Research Engineer, National Radiator Co. 
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secondly, it should be installed with the recommended practice of the day. The 
selection of the 32-in., 6-tube radiator as a standard by the authors fulfills neither 
of the above requirements in that (1) it could not be installed under the window and 
(2) 1=B=R statistics show approximately 60 percent of all cast iron radiators sold 
since 1945 to be of the 25 in. height and only 5 to 11 percent to be of the 32 in. height 
during this same period. 

The importance of the selection and location of the standard heating unit is again 
emphasized when the data gathered by the authors is examined. In Test 41, twelve 
sections of 19-in., 6-tube cast-iron radiation were installed between the window and 
the west wall of the test room (as was the standard radiator), while in Test 42 
the 19-in. radiator was installed under the window. At the index point of 24 in. 
above the floor in the center of the room, the 19-in. radiator produced an effective 
heat of 4.1 percent when at the same location as the standard radiator. When moved 
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under the window the effective heat of the 19-in. radiator increased to 7.7 percent. 
In the latter case the 19-in. radiator required 485 Btu less heat emission than the 
32-in. radiator to maintain a temperature difference of 53.2 F between the index 
point and the air in the cold space. If this reduction in heat emission can be assumed 
to be the same for temperature differences up to 66 F, a performance curve for the 
19-in. radiator can be drawn as shown in Fig. C. Using the lower heat emissions 
required of the 19-in. radiator reduces the effective heats of the other units tested 
to the values shown in Table A. These values plotted against the height of the top 
of the discharge grille define the lower curve shown in Fig. D and suggests the 
effective heat values shown in the second column of Table B. It is to be noted 
that if the 19-in. radiator was used as a standard rather than the 32 in., no effective 
heat percentages would be added to convectors having the top of their discharge 
grille over 27 in. while for heights of discharge grilles lower than this, the minimum 
reduction in effective heats would amount to 40 percent. It is realized that the validity 
of these percentages are questionable due to the assumption made in determining the 
performance curve of the 19-in. radiator, but they do emphasize the need for more 
experimental work before any definite conclusions are reached as to effective heat. 
Up to the present point the discussion has been based entirely on what effect 
changes in the location and selection of a standard radiator might have on effective 
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heat values of various heating units if the effective heat values are based on the 
heat emission required to maintain the same air temperature at an index point of 
24 in. above the center of the floor of the test room in a low temperature testing 
plant and with the air temperature surrounding the test room being held constant. 


TaBLE B—ComPARISON OF EFFECTIVE HEAT VALUES 
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31 2 
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33 0 | 
34 1 14 0 
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The use of dry bulb temperatures alone at the index point as a basis for determining 
effective heat values does not take into account any radiation effects from surrounding 
surfaces. Would not this penalize heating units such as the radiant baseboard that 
warms the entire surface of the portion of the exposed wall along which they are 
installed as well as units presenting a larger area of direct radiating surface than 
the standard? 

Long low heating units are at a disadvantage insofar as steam condensation is 
concerned if the wall against which they are placed is not insulated. Units of 
this type cover larger wall areas than do other heating units of comparable output 
and, consequently, it is desirable to reduce the heat transmission coefficient, U, of 
the wall in back of the unit to a minimum so that heat loss through this section of 
wall is not excessive. All of the tests reported in the paper were for uninsulated 
exposed walls. Would the same effective heats have been obtained if the exposed 
walls had been insulated? 

The air temperatures obtained at the index point, and upon which the effective heats 
were based, were the result of a continuous rate of heat emission from the unit 
being tested. If the steam had been supplied intermittently as encountered in actual 
practice would the test units have had the same operating characteristics as when 
steam was supplied continuously ? 

The questions raised in this discussion are not to be construed as criticism of the 
fine contribution of Mackey, et al, on a controversial subject as effective heat. 
Rather it is to indicate the need for additional experimentation and research on such 
a debatable subject. 


M. W. McRag, Chicago, Ill. (Written): The data presented in this paper by 
Professor Mackey and his colleagues show some interesting relationships between 
the performance of various sizes of convectors and one height and depth of cast iron 
radiators. However, the results obtained do not seem to establish the validity of 
heating effect as a measurable quantity any more than did earlier work along 
similar lines. 

The term heating effect or effective heat is not defined in Commercial Standard 
CS140-47, largely because the members of the Joint Convector Code Committee, 
who wrote the Standard, were unable to formulate a mutually satisfactory definition. 
Neither has THe Gute listed this term in the definition section, possibly for a 
similar reason. 

The percentages given in Table 3 of CS140-47 are arbitrary values representing a 
compromise between various schools of thought within the committee and advisory 
group. The suggested effective heat factors listed in the table under conclusion 3 
of this paper agree, within 1 percent, with those in the Commercial Standard. Such 
close correlation is remarkable. 

Years ago, when earlier attempts were made to evaluate heating effect, the standard 
of comparison was the old, 3 column, large tube 38-in. high radiator. The standard 
used in the present investigation is the 6-tube, 32-in. high radiator of the current 
slim tube design. Neither of these radiators could be classified as outstanding 
examples of the ideal heating device as it is well known that high, wide, relatively 
short radiators produce much larger floor-to-ceiling temperature gradients than do 
long, low, narrow radiators. 

The following questions are presented for consideration of the authors: 

1. Why should a cast iron radiator of any type be used as a standard of comparison 
in determining the performance and rating of Convectors? 
2. If a low, narrow radiator had been used as a standard, what effect would this 

have on the effective heat percentages listed under Conclusion No. 3? 

3. Would it not be equally logical to determine heating effect for radiators by com- 
paring their performance with that of a convector having a 32-in. high top outlet 
enclosure? 
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4. If a comparison of the performance of radiators and convectors is to be made, why 
not compare units having at least approximately the same over-all dimensions? 
Thus, the effect of the shape factor would be minimized and the heat outputs would 
represent the difference in performance attributable to the basic design of radiators 
vs. convectors. 


It is felt that until a more basic standard of comparison can be found the measure- 
ment and evaluation of heating effect cannot be definitely established. 


P. R. AcHENBACH, Washington, D. C. (WritTtEN): The test method used by these 
investigators appears to be well-planned for obtaining comparative information on 
radiators and convectors in that a more or less typical room was available and out- 
door temperatures and infiltration could be controlled at the same level for all speci- 
mens. There appear to be some reasons, however, to question the suitability of the 
choice of some of the test conditions and test equipment in the following details: 


1. A 32-in. 6 tube cast-iron radiator is probably not a representative standard for 
comparison with all convectors. 

2. A valid comparison is not obtained in my opinion when the standard radiator is 
located beside the window and the convector is placed beneath the window. 

3. The infiltration provided around the window affects the performance of units 
beneath it differently from those beside the window. 

4. An air-temperature thermocouple at the center of the room is not necessarily the 
best device available for comparing two types of heating units one of which 
delivers almost all of its heat by convection and the other of which emits nearly 
half of its heat by radiation. An air-temperature thermocouple would favor the 
convection device. Comfort depends on mean radiant temperature as well as air 
temperature. Therefore, a globe thermometer or some other instrument sensitive 
to both radiation and convection would be a better index instrument. 

The tabulated results tend to support these conclusions in several of the tests. 


(a) The 32-in. radiator and the 32-in. convectors differ very little in effective heat 
(an average of 2.9 percent with the 24 in. level index). This difference may be almost 
entirely accounted fgr by differences in reverse heat flow through the wall back of 
the radiator. 

The 19-in. radiators showed a higher effective heat than the 32-in. convectors. A 
comparison of tests 41 and 42 shows that the location beneath the window increased 
the effective heat for the 19-in. radiator. It would probably do the same for other 
radiators. 

(b) Tests 33, 34, 35, 36 show that infiltration reduced the temperatures near the 
ceiling more than it did at the lower levels (including the 24-in. level) for the same 
convector located beneath the window. For devices located below the window the 
infiltration air mixes with the rising stream of warm air above the test specimen and 
produces lower ceiling temperatures, whereas for devices located beside the window 
the cold air proceeds toward the floor and mixes with room air before approaching 
the radiator or convector. In the latter case the rising current of warm air pro- 
ceeds toward the ceiling without dilution causing higher ceiling temperatures and 
greater heat losses. Thus, the two locations are not comparable. 

(c) The position beneath the window would be more favorable to the radiator 
using an index point at the center of the room because the index would be directly 
in front of the radiator. This is revealed in comparisons of Tests 41 and 42 and 
Tests 18 and 19. 

The reduction of heat output of a given convector when infiltration was provided 
around the window suggests that the downward current of cold air obstructed or 
interfered with the upward current of warm air to the extent that the total mass 
flow of air through the convector was diminished. 

The concept of effective heat as defined in this paper should not be applied to the 
levels above the living zone (say 5 or 6 ft above the floor). A positive value of 
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effective heat for a particular device represents a desirable characteristic. However, 
a negative effective heat, as defined in this paper, is desirable in the space above the 
living zone because overheating of the upper part of a house is generally undesirable. 
Clarification of this usage is especially important in the case of the baseboard units 
which show large negative values of effective heat between the 60 in. level and the 
ceiling. 

It is believed that the comparisons between radiators and convectors would have 
to be broadened considerably before general conclusions about effective heat could 
be stated. A graph such as Fig. 9 in this paper should be developed using a 4 or 5 
tube radiator from 19 to 23 in. high placed beneath the window for comparison with 
convectors located beneath the window. Comparisons based on an index temperature 
obtained with a globe thermometer would have a greater significance than those based 
on air temperature only. 


M. K,. Faunestock, Urbana, Illinois (WritrEN) : Persons working with the devel- 
opment of testing and rating codes for radiators, convectors, and radiant base- 
boards have been familiar with the fact that many factors affect the heat emission 
rates of these various heating units. However, it has been proven that when all of 
the influencing factors are properly taken into account, similar heat outputs will be 
obtained for various sizes of any one type of heating unit, in widely different test 
rooms or spaces. This is most important because insofar as possible, no laboratory 
rating should be contingent upon the physical test set-up, or widely different from 
the rating or performance which will be obtained in most heating installations. 

The test facilities and procedures given in Commercial Standard CS140-47, Testing 
and Rating Convectors, mentioned in the paper are based upon results and experiences 
obtained in a number of industrial, university, and government laboratories. It should 
be noted that under certain conditions of test, instrumentation, and test procedure, 
that this commercial standard permits capacity or heat output tests to be conducted 
with convectors, in three widely different test rooms or spaces, namely, the warm-wall 
booth, the cooled-wall room, and the cold room. Within reasonable limits convectors 
may be tested in any of these set-ups with the same result insofar as heat output 
is concerned. However, it should be emphasized that this Commercial Standard applies 
only to the Testing and Rating of Convectors and not to the testing and rating of 
radiators and baseboards. In the paper the authors have reported on tests conducted 
with radiators, baseboards and convectors in a test room which conforms to the cold 
room specified in the commercial standard covering only the testing and rating of 
convectors. 

It might also be mentioned that while the commercial standard includes a table of 
arbitrarily selected percentages which may be added to heat capacities as determined 
by test, in order to arrive at the ratings of certain types and heights of convectors, 
it does not provide for measuring or determining them. The authors have advanced 
a test procedure and method of analysis to establish these percentages. In the paper 
they are referred to as effective heats. 

In the paper results are given on tests made with five 32-in. high, 6-tube free stand- 
ing radiators of different lengths; 17 convectors, ranging in height from 12-in. to 
32-in., two types of baseboards and one 19-in., 6-tube free standing radiator. All of 
the 32-in. high radiators were tested alongside the window in the exposed north wall 
and adjoining the exposed west wall; the 32-in. high convectors were also tested 
alongside of the window; fourteen of the convectors, ranging from 12-in. to 24-in. 
high, were tested under the window; and the 19-in. high radiator was tested both under 
the window and between the window and the west wall. 

Unless I am mistaken, the 19-in. high radiator was the only unit tested in the 
two positions. Using the index point at the 24-in. level from Table 8, the effective 
heat factor for this radiator when located under the window is given as 7.7, and 
when located between the window and the west wall in the same position as the stand- 
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ard radiator the factor is reduced 4.1, a reduction of 47 percent. This agrees with 
conclusion 5 given in the paper, which shows that the effective heat factor may be 
varied by merely changing the position of the heating unit. 

Referring to Table 5, it may be noted that practically the same 24-in. level index 
point temperature existed during test No. 19 with the finned-tube baseboard (65.3 F) 
and during test No. 41 with the 19-in., 6-tube radiator located alongside the window 
(65.6 F). Thus, as a matter of interest, the effective heat factors of these two units 
can be compared, taking one or the other as the standard. If the 19-in., 6-tube radiator 
located alongside the window is used as a standard with the 24-in. level as the index 
point, the finned-tube baseboard as reported in test No. 19 has an effective heat factor 
of 4.1 percent. In Table 7, Test 19, when the effective heat factor for the finned-tube 
baseboard is computed using the 32-in. 6-tube radiator located alongside the window 
as a standard, the effective heat factor is given as 7.6 percent. This is an increase 
of 85.5 percent and it illustrates how the value of the effective heat factor is depen- 
dent on whatever unit is taken as the standard. 

It is my understanding that the authors arbitrarily selected the 32-in. 6-tube free- 
standing radiator as the standard heating device and located it alongside the window 
in the north exposed wall and adjacent to the west exposed wall. Since fourteen of 
the seventeen convectors tested were tested under the window, it would seem that 
it would have been more logical to have selected as a standard a type of radiator 
which could have been tested under the window in the same position as the con- 
vectors. Another reason for locating both the standard and non-standard heating 
devices in similar positions under the window is that this location is well recognized 
in practice. 

In conclusion 6 it is stated that under the prevailing test conditions, 118.9 Btu per 
hour was the average rate of heat loss from the structure per degree temperature 
difference between the average room air and the outdoor air when the room was 
heated with the 32-in., 6-tube, radiators located alongside the window exposed north 
wall and also that for the twelve convectors of different types and heights and pre- 
sumably located under the window in the exposed north wall and away from the 
exposed west wall, the corresponding average rate of heat loss was 111.7 Btu per 
hour. No mention is made of the corresponding values for the 19-in., 6-tube radiator 
located under the window or for the two types of baseboards. These values calcu- 
lated from data given in Tables 4 and 5 are 110.0 Btu for the 19 in., 6-tube radiator 
located under the window; 112.2 Btu for the Type RC baseboard and 115.8 Btu for 
the finned-tube baseboard. Thus, on the basis of the heat loss per degree temperature 
difference between the average indoor air and the outdoor air the heat loss from 
the structure is a minimum when the 19-in., 6-tube radiator was used under the 
window. 

The results given in the paper are interesting and they demonstrate that many 
factors may affect the performance of various types of heating units. The type and 
height of the heating unit selected for a standard, its location relative to the exposed 
window and the non-standard units and the selection of the 24-in. level index point 
for indoor temperatures used in the analvsis of the results, while convenient for the 
purposes of the study, do not, in my opinion, conform sufficiently with current prac- 
tice. I would like to see the work continued using a small-tube radiator, either 
19 in. or 25 in. high and located under the exposed window in the same position as 
the non-standard units and an index point at the 30 in. level in the center of the 
room adopted. 

I would also like to see the performance of the various heating units compared on 
some evaluation of the comfort conditions produced in the test room, rather than upon 
the heat loss from an arbitrarily selected test structure. While heat losses are impor- 
tant, the end objective for heating an enclosed space occupied by human beings is to 
maintain a comfortable ambient environment for the human occupants. It is well 
known and recognized that in normal rooms heated with radiators, baseboards and 
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convectors, the comfort of the occupants from the standpoint of thermal balance de- 
pends largely upon the environmental factors of dry-bulb temperature and mean radiant 
temperature. Therefore, in a non-uniform environment, neither the temperature of 
the indoor air, the heat loss from the structure, or a combination of them, is an index 
of the effectiveness of heating units designed for heating spaces for human occupancy. 
While they are not entirely satisfactory, it is my opinion that for conditions and 
purposes of tests corresponding to those reported in this paper, observations made 
with instruments such as the globe thermometer, the eupatheoscope, and the thermo- 
integrator will give more valuable relative data on the effectiveness of different heating 
units in producing environments conducive to human comfort. All of these instru- 
ments respond to both the air temperature, and the radiation present in an enclosed 
space. 


R. N, Trane, LaCrosse, Wis. (WRITTEN): The authors of the paper “Principles 
of Effective Heat for Steam-Heated Structures” are to be commended on the thorough 
analysis they have given the general subject of effective heat. Those of us who have 
been in the industry for many years realize that this is a subject that has been con- 
troversial from the day it was first considered. Although some research work has 
been done on the subject in the past, it has failed to settle the controversy. 

The approach used by Professor Mackey and his associates is a new one. From 
the results obtained it is possible to analyze the relative performance of various 
types of heating equipment and to separate, at least in part, factors contributing to 
heating effect. The test procedure is also unique in a manner in which standard 
performance is achieved without blanketing, wrapping or otherwise interfering with 
the normal function of the heating equipment. 

The selection of the heating unit to be used as a standard may cause some con- 
troversy. However, I believe that in the last analysis this particular issue is not too 
important. If we are to evaluate the performance of various types and shapes of 
heating equipment some standard must be employed. The cast iron radiator selected 
is a standard product of accepted rating. The installation is one commonly encoun- 
tered. It would be accepted engineering practice to utilize such a radiator installed 
in such a manner to offset a calculated heat loss equivalent to the catalog output of 
the radiator. It should, therefore, be a type of unit and type of application which 
should satisfy the requirements of a standard device. 

These are the points which I found of particular interest in analyzing the results 
obtained from this report: 


1. The average effective heat percentages obtained at the general 24 to 30 in. index 
level match quite closely the heat effect percentages sanctioned by Commercial Standard 
CS140-47 for front outlet convectors. It is interesting to note that Professor Mackey 
finds that top outlet and slant top outlet units have approximately the same heating 
effect percentages, although the Code penalizes these convector types in the addition of 
heating effect. In this connection there is a practical problem involved in the performance 
of top outlet units in severe climates where downdrafts from windows may act to 
reduce the output of a unit. The heating effect factors in the Code for top outlet 
units have attempted to take this fact into account. 


2. The manner in which Professor Mackey and his associates have presented their 
data permits us to further analyze the data to determine the factors causing these high 
values of effective heat for under window units. Following the same procedure used 
by the authors in determining the effective heat percentages, an analysis was made 
to determine what portion was a result of floor to ceiling temperature gradients within 
the room for a specific unit. These results are shown in Fig. E. 

It is evident from the curve that approximately 50 percent of the effective heat per- 
centage is the result of an improvement in floor to ceiling temperature gradient. The 
remaining portion can only be attributed to a change in overall heat transfer coeffi- 
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cient and/or a reduction in effective temperature difference across the structure. It 
can be probably assumed that this decreased heat loss is in the vicinity above and in 
back of the unit. 

3. It seems to me that the test results justify the practice established by the Com- 
mercial Standard CS140-47 of adding effective heat percentages to the condensate 
output of convectors. It is certainly a more rational method of taking into account 
the effective heat percentages than by figuring heat losses in the conventional manner 
and then reducing these losses according to the type of heating equipment that is to 
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ING HicGH VALUES OF EFFECTIVE HEAT FOR 
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EH, = Portion of effective heat resulting from improved vertical temperature gradient in center of room 
with reference to 24 in. index point. 

UA Calculated values as listed in report (infiltration load included). 

AT (From the actual tests) Difference between temperature in center of room in each case minus 

cold space (plenum) temperature. (Weighted on basis of surface areas involved). 

s — (subscript) — Standard unit which in this case was 6-tube 32 in. cast iron radiator. 

All other symbols similar to those used in report. Based on data from report. 


be installed. Many times, of course, the engineer does not know what type of equip- 
ment will be installed and is thus not able to exercise this judgment. 

By calculating the actual heat loss of the structure, using the factors and the tem- 
peratures in the room as given by the author, the results as compared to the actual 
condensate output of the standard radiator, check within two or three percent. How- 
ever, comparing the condensate rating of the convector against the heat loss calculated 
in the same manner, computations will show that appreciably less condensate is re- 
quired to achieve the same temperature at the various index points. Unless proper 
recognition is given to this fundamental fact as established by the test results, the 
installation of unnecessarily over-sized heating equipment will follow. 
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4. My analysis brought out one more rather interesting fact concerning the base- 
board convector. In the case of this type of heating unit, the heating effect as given 
in the report is apparently due solely to floor to ceiling temperature gradients. 

5. The paper also brings out quite clearly the importance of under the window 
location of heating equipment, both from the standpoint of comfort and economy. 
This, of course, has been recommended procedure in the industry for many years. 
The paper supports standard practice. 

It is my understanding that further research in this connection is to be conducted 
this year, utilizing hot water as the heating medium. I am looking forward with a 
great deal of interest to the results of this further study because of continuing growth 
in the use of hot water heating. In conclusion it appears to me that these are the 
factors that contribute to heating effect: Direction of convective air discharge, tem- 
perature gradients, location of the heating unit, the height of the heating unit, the 
extent of the infiltration, the type of heat output, i.e., convection or radiation. 

It appears that further research may establish the effect of these various factors on 
the total heating effect. Nevertheless, it seems to be well established that the effective 
heating percentages now established in Commercial Standard CS140-47 are conserva- 
tive and in accordance with proper engineering procedure. 


R. K. Toutman, Washington, D. C.: Effective Heat or Heating Effect has plagued 
the industry almost from the inception of the idea. The reference to it in Commercial 
Standard, 140-47, and the inclusion at a table of allowances for it in the Standard 
was vigorously but unsuccessfully opposed by several of us on the Standing Com- 
mittee. The test data in this paper seems to confirm the position we took. 

I had hoped that this paper, prepared by such able investigators, would forever 
lay the ghost of this will-o-the-wisp. Unfortunately, it merely seems to provide an 
opportunity to extend the life of this unwarranted and misleading brainchild of sales 
promotion. 

The conclusions and implications, etc., particularly the suggested table of allow- 
ances (which, incidentally, agrees remarkably with the guesses set forth in the Com- 
mercial Standard) do not appear to be justified by the data in the paper. Other choices 
of a standard, index point, location of the reference radiator, method of measuring 
temperature, design and construction at the test room, the fenestration at that room; 
choices other than those set forth in the paper and equally if not more representative 
of standard heating and building practices would have produced quite different results. 

For example, had the reference radiator been installed under the window, a quite 
common practice, and had that radiator been lower and thinner than the window-sill, 
an equally common practice, results quite different from those reported in this paper 
would have produced, results based, for instance, on Test No. 42. Selection as a 
standard of the 19-in. radiator (Test No. 42), located under the window, would have 
resulted in an effective heat of only 4.5 percent, instead of 12.9 percent for the 24-in. 
convector with front outlet and located under the window. Had a three-tube radiator 
been used instead of a six-tube, or had there been another window in the room, this 
slight difference would probably have vanished. 

In my humble opinion, the Society should not publish papers which might be con- 
strued by the public as having a potentially commercial character. I suggest that 
the present paper be returned to the investigators and resubmitted at a later date with 
conclusions more in line with a realistic consideration of more common heating 
practice. 


R. W. Morcan, Buffalo, N. Y.: Testing operations in our firm include not only 
convectors and other heat producing devices, but also cooling equipment. It would be 
helpful, particularly to our sales department, if the concept of effective cooling could 
be applied to room air conditioners. However, I doubt that there is justification for 
such a concept, any more than there is reason for the principle of effective heat. 
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I question whether the 24 in. level as used by the authors is the ideal height at 
which to measure comfort. As the authors indicated in this paper, there are so many 
possible variables in convector applications that I doubt the usefulness of the effective 
heat method of rating. 

I think also we ought to look at the commercial side of this picture. If you analyze 
the great number of convectors that have been used as radiators in the past, I think 
you will find that they have done a fairly successful job in heating the buildings in 
which they were placed; and | don’t believe we have had to add many convectors to 
bring sub-standard jobs up to capacity. This would indicate that our factor of safety 
in applying these devices must be a little bit on the high side. 

It would seem to me that it would be better to raise our design temperatures ten deg 
and forget the effective heat factor. I think we would still be commercially successful 
and be a little bit more technically correct. 


Autuors’ CLosurE (C. O. Mackey): The authors wish to thank all who have 
discussed this paper. The written discussion has been carefully prepared and adds 
materially to the value of this paper. The subject of effective heat has been a con- 
troversial one for some time, and it was not expected that these results, alone, would 
completely resolve the controversy. 

Those who discussed this paper have repeated many of the same objections. Some 
of those objections will now be answered. 

Harris, Williams and Weigel, Achenbach, and Fahnestock all question the use of 
dry-bulb temperature alone as an index of comfort to be used in calculating effective 
heat. Globe thermometers were placed at the 12 in. level and at the 48 in. level in 
the center of the test room. These readings are included in the test results as presented. 
If an operative temperature, which is the average of the dry-bulb temperature and 
mean radiant temperature, be used as an index, the convection coefficient of heat 
transfer for a globe thermometer with a diameter of two inches is such that the 
globe temperature is substantially the same as this operative temperature. 

Effective heat based upon air temperature at the 48 in. level may then be compared 
with effective heat based upon globe temperature at the 48 in. level as indicated in 
Table C. 


TaBLE C—CoMPARISON OF EFFECTIVE HEAT BASED ON AIR AND GLOBE 
TEMPERATURES AT 48 IN. LEVEL 


EFFECTIVE HEAT AT 48-INCH 
LEVEL—PERCENT 
Unit HEIGHT TEST 

In. No. BASED ON BASED ON 

Arr TEMP. OPERATIVE 
Temp. 
Front outlet convector...... 32 1l 8.5 6.6 
Front outlet convector..... 13% 16 7.4 8.2 
30° slant top convector..... 32 21 re 5.9 
30° slant top convector..... 131% 24 6.9 6.5 
Top outlet convector....... 32 31 5.8 5.2 
Top outlet convector....... 13% 35 5. 5.2 
Baseboard................. 10 18 0.7 1.8 
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From this table, it should be clear that operative temperature gives substan- 
tially the same results as dry-bulb temperature. The difference between a dry-bulb 
temperature and a temperature which includes a radiation factor, for test conditions 
similar to those reported in this paper, has been shown by a number of investigators 
to be small. There should be little doubt that dry-bulb temperature is the most rea- 
sonable and practical temperature to use. 

Another common criticism questions the use of the 32-in. cast-iron radiator as the 
standard heating unit. It must be apparent that the selection of a standard unit, 
whether radiator, convector, or baseboard, is arbitrary. The test scheme was devised 
in such a way as to make this arbitrary selection as unimportant as possible. 

The authors did not hesitate to give effective heat values for the 19-in. cast-iron 
radiator, and it was pointed out that the effective heat of this cast-iron radiator was 
greater when it was placed under the window than when placed at one side of the 
window. The selection of the 19-in. cast-iron radiator as the standard, as clearly 
shown by Williams and Weigel, would result in lower values of effective heat for the 
convectors. Such selection would also result in lower values of effective heat for the 
baseboard and negative values of effective heat for the 32-in. cast-iron radiator. 
Volume of radiator sales is not a scientific method of selecting the standard units. 

The choice of a standard radiator is not as difficult a problem as the various discus- 
sors would suggest. Any radiator or convector could be used as a standard and, as 
such, a starting point from which to calculate effective heat percentages. The advan- 
tage of the standard used in the paper is the fact that so far, all of the usable effective 
heat percentages have been shown as positive values. 

Probably the best example of the relative unimportance of a zero scale point is the 
Fahrenheit temperature scale where the zero is arbitrarily set and has no particular 
meaning, yet it does not cause difficulty. 

Many of the written discussions mention the desirability of applying insulation in 
the wall in back of the baseboard. It is also desirable to apply insulation in the 
walls in back of any of the heating devices. It would be possible to apply insulation 
in back of each heating unit in capacity tests, but how much insulation should be 
used? The purpose of these capacity tests was to determine the rate of heat emission 
of the standard and non-standard units in the same structure. The authors feel sure 
that the results given in the paper would have been criticized very quickly if test 
conditions had been varied by using insulation for one test and not for another. 

Intermittent supply of steam or other heating fluid may well result in a different 
characteristic of the heating unit than will appear in tests conducted under conditions 
of thermal equilibrium. It is customary, however, to conduct capacity tests of radia- 
tors, convectors, and baseboards under conditions of thermal equilibrium, and it might 
be well to emphasize again that these tests were all capacity tests, the results 
of which have been used to determine effective heat. Much more study than has 
yet been made in any one laboratory or research residence would be needed in order 
to define unsteady state characteristics because of the large number of variables enter- 
ing this complex problem in heat transfer. 

Mr. Dill’s remarks are very interesting. Effective heat (or allowable additions to 
observed capacity) is certainly being tolerated in writing test codes. If numerical 
values are to be suggested and permitted in increasing observed capacities to give 
capacity ratings of convectors and baseboards, the authors of this paper believe that 
it is well that everyone understands where these values come from and what they 
mean. It might also be stated that Paragraph No. 52 of Commercial Standard 
CS140-47 for Testing and Rating Convectors seems quite clear in expressing the hope 
that a sound engineering basis may be found for effective heat values. 

There are several statements in Mr. Dill’s remarks to which we must take friendly 
exception. He states, The heating effect concept is objectionable because it is illogical, 
and that the only imperfections in the computation of the heat loss of a building are 
due to such unknowns as the infiltration loss. He also mentions certains laws of heat 
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transfer. A simple example will show how heat losses are commonly miscalculated 
from laws of heat transfer wrongly applied. 

Consider an exterior wall twelve feet by eight feet with an overall coefficient of 
heat transfer of 0.15 Btu per (hr) (sq ft) (F deg). Assume the air temperature 
everywhere within the room is 70 F and that the outdoor air temperature is 0 F. 
Then, with steady heat flow the rate of transfer of heat through this wall is 96 X 
(0.15) X (70) or 1008 Btu per hr. The laws of heat transfer also say that there is 
no point in the wall structure where the local temperature is higher than 70 F. 

Now, put a heating device directly in this room—radiator, baseboard, convector, or 
panel. If sufficient heat transfer surface be installed to give an air temperature of 
70 F at a point 24 in. above the floor in the center of the room, how many of you 
believe that the air temperature is now 70 F. everywhere within the room? How many 
of you believe that there is still no point in the wall structure where the local tem- 
perature is higher than 70 F? How many of you believe that the rate of steady heat 
flow through the wall is still 1008 Btu per hr? How many of you think that the 
laws of heat transfer are properly applied in the conventional method of calculating 
heat loss? 

This simple example illustrates the point that the authors have tried to make clear 
in this paper; namely, that the rate of heat loss will depend upon the heating unit 
installed. The example is directly opposed to Mr. Dill’s statement that, Use of a 
heating effect factor is based on the false premise that a room can be heated with 
less heat than it requires. In the example, a direct relationship is shown between the 
heat distribution within a room and the heat loss from it. Rather than a consideration 
that heating effect is based on a false premise, there is evidence of another false 
premise that the ability of a heating device to condense steam is an accurate measure 
of its ability to distribute heat within a room. 

Mr. Dill regards the 24-in. height of the index point as too low because it is below 
the center of gravity of a person even when seated. This might be a valid argument 
if it could be proved that the center of gravity is also the center of human sensitivity 
to physical environment. Dr. Brabbée, in some of his writings, recommended knee 
height as a good height of the index for comfort, while it is a well-known fact that 
the human ankle is extremely sensitive to temperature change. 

Professor Harris questions the effect of the method of admitting the air that simu- 
lates infiltration. The wall panel to which this air is admitted is 4 ft wide; this panel 
is sealed from the rest of the north wall, and a large part of the panel is occupied 
by the window, so only a small portion of the wall is affected. In later tests, we 
propose to admit the air more directly to the slots and to determine any effect on 
the performance of the heating unit. 

Professor Harris expresses some surprise over the floor-to-ceiling air temperature 
difference of 17.6 deg obtained with the 19-in. cast-iron radiator. This result is in 
line with results obtained in capacity tests in other laboratory test rooms. In tests 
at the University of Illinois,* floor-to-ceiling air temperature differences between 
19.4 deg and 20.6 deg were reported for cast-iron radiators 25 in. and 26 in. high. 
These tests were conducted in a room 15 ft by 18 ft with an 8 ft 6 in. ceiling; the 
test room was then operated with two exposed walls, with the temperature of the 
air above the ceiling of the test room maintained at 62 F and with heating of the 
air under the floor. 

Additional information was presented by Professor Harris in connection with Fig. B 
of his discussion, which purported to compare the fuel consumption of heating systems 
using baseboards, convectors, and radiators, and to show a relationship between effec- 
tive heat and fuel consumption for a variety of indoor-outdoor temperature differences. 


* Effect of Room Dimensions on the Performance of Direct Radiators and Convectors, by A. P. 
Kratz, M. K. Fahnestock, E. L. Broderick, and 8S. Sachs (A.S.H.V.E. Transactions, Vol. 46, 1940, 
p. 331). 
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It should be noted that test points are not shown in the figure which was presented, 
and no supporting data are given to prove a basis of comparability for the curves. 

It is evident that such data are made up of 24 hour totals which are subject to 
daily and seasonal weather conditions and are further involved because of the super- 
imposed variables connected with the intermittent operation of a heating system. 
Such conditions are obviously different from the steady-state equilibrium conditions 
now used as a basis for rating this type of heating equipment. 

Professor Fahnestock calculated the rate of heat loss from the structure for the 
19-in. cast-iron radiator placed under the window (test No. 42) to be 110.0 Btu per 
hr per degree difference between average air temperature at room center and outdoor 
air. The total rate of heat emission and the rate of loss of heat from the structure 
during this test was 6256 Btu per hr; the average temperature of the air at room 
center was 69.2 F; the temperature difference between room air and cold space air 


TABLE D—CoMPparIsON oF ACTUAL Net RATE oF HEAT EMISSION WITH 
CONVENTIONALLY CALCULATED HEaT Loss 


AcTUAL AIR AVERAGE 
HEATING Net Rate Temp. CALCULATED IR CALCULATED 
Test | or Heat at 24 In. Heat Ratio Temp. Heat Ratio 
No. | Unit Emission LEVEL Loss Room Loss 
| Bru/ar F Bru/ar CENTER Bru/ar 
| Gi F da = qo 
q fi 112.5 (ti-14) ts 112.5(te-14) 
2| 32in. C1. | 

Radiator 6672 67.3 | 5996 | 0.899 71.7 6491 | 0.973 


| Front Outlet 
16 Convector | 5723 67.2 | 5985 | 1.046 68.0 6075 | 1.062 
131% in. High | 


| Finned-tube | 
19| Baseboard | 5046 | 65.3 | 5771 |0.971| 653 | 5771 |0.971 
814 in. High | 


was 55.2 F, and the rate of heat loss per degree of such temperature difference was 
113.4 Btu per hour. This result is greater than the average for the twelve convectors, 
not Jess. His corresponding results for the baseboards are correct. 

The calculations presented by Professor Fahnestock are used to support his sug- 
gestion that a low radiator under a window be used as a standard instead of a 32-in. 
radiator beside a window, as used in the paper. As an additional comment on that 
item, it may be pointed out that all radiators, convectors, and baseboards must be 
given consideration, even though some may have dimensions which will not allow a 
location under a window. Each heating unit must be installed in a practical manner 
and all must produce the required temperature at a selected index point. Effective 
heat factors are then introduced to give credit to a heating unit for producing the 
required temperature with a smaller heat input. The effective heat factors are neces- 
sary because the heat loss calculations cannot be refined to the point where they will 
rule out any of the poorer heating units. Since the poorest heating unit should just 
meet the heat loss requirements, it is logical to use it as a starting point for measuring 
heating effect factors as was done in the paper. 

These tests, as well as many others reported to this Society, show that the rate 
of heat loss from a given structure depends upon the type of heating or heating unit 
installed. Other than ignoring this fact, possible procedures follow: 
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(1) Calculate the true heat loss and forget effective heat. This means calculating 
a different heat loss from the structure for each different type of heating system. 
The fact is that the indoor surface coefficient of heat transfer by combined radiation 
and convection is not 1.65 Btu per (hr) (sq ft) (F deg) between surface temperature 
and average air temperature for all heating systems in a given structure. This is 
equivalent to one of the procedures suggested by Mr. Trane. 

(2) Calculate heat losses in the conventional, incorrect manner, as if they were inde- 
pendent of the type of heating system used and correct the observed test capacities 
of heating units through the principle of effective heat. In this paper, the numerical 
values of effective heat are based upon the arbitrary selection of a 32-in. cast-iron 
radiator as the standard heating unit. An alternate plan, that eliminates the need 
for selecting a standard unit, might be to compare the actual net rate of heat emis- 
sion with a conventionally calculated heat loss. The choice of an index point arises 
in this procedure when an indoor air temperature must be selected for the heat loss 
calculation. Where in the room would the selected air temperature actually be found? 
Table D presents an expansion of this thought which was not presented in the 
paper. 
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TRANSPORTATION HEATING AND AIR 
CONDITIONING SYSTEMS AND CONTROLS 


By Norman O. Kirxsy*, Cuicaco, IL. 


CCORDING to the present trend the American railroads are soon to be 
powered by locomotives other than steam. Therefore, the production of 
steam on diesel and electric locomotives must be substituted for the steam 
locomotive boiler as a source of heat, or heat generating equipment must be 
used on individual railroad cars. In addition, the distribution and control of the 
heating and cooling of railroad cars represent some of the most perplexing 
problems in the heating, ventilating and air conditioning fields. 
The conception of the first passenger diesel locomotive immediately presented 
a major problem in heating. Heretofore the steam locomotive had been an 
almost inexhaustible source of heat, limited only by pressure and the size of the 
steam distribution lines. While a very large amount of heat was present on 
the diesel locomotive and wasted to the atmosphere through the radiators and 
exhaust manifolds, no practical method of harnessing this heat was, or is known, 
within the limitations of size and weight restrictions. As all railroad cars were 
heated by steam, some source of steam was necessary. 

A vertical fire-tube boiler was first used but size and weight became a 
premium and it was necessary to find a new method of generating steam. The 
result was an entirely new concept of steam generation resulting in the first 
successful straight through steam generator. Such a generator had definite 
advantages over a conventional boiler. Since no water level is maintained and 
no water drums are used, the size of the water containing portions may be 
reduced to a minimum, consistent with high heat exchange practice. The small 
volume of water gave other advantages of safety. The mass of water in the 
coils at or near vapor temperatures is so small that a complete rupture of the 
coil may occur without any possibility of a steam explosion. Since cubical size 
was extremely limited, combustion volume was likewise limited and heat release 
per unit of combustion volume had to be increased greatly over standard prac- 
tice. It was felt that such intensity could be achieved by burning in a high 
pressure chamber. Heat release on these generators is in the neighborhood of 
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1,000,000 Btu per cubic foot of combustion space, approximately twenty times 
normal practice. Fig. 1 shows a typical steam generator now in use on diesel 
locomotives of American railroads. This particular steam generator has a 
normal rating of 4500 Ib of steam per hour and is capable of a maximum output 
of 4800 Ib of steam per hour. 

These generators are continuous coil type steam generators, down-fired with 
the same diesel fuel as is used on the power engines. Sizes range from 500 Ib 
of steam per hour to 4800 lb of steam per hour at varying pressures from 75 
to 300 psig. Steam quality is in the neighborhood of 99.8 percent. Feedwater 
is pumped by semi-high speed triplex pumps to a water pressure regulator which 
bypasses water when steam pressure is within the control range. The water 
flows from the water pressure regulator to a hydraulic servo mechanism that 


Fic. 1. 4500 Lp per Hour STEAM 
GENERATOR 


proportions fuel and air to the volume of water passing through the control. 
Here then is the major difference between a steam generator and conventional 
boiler. Water must be fed to the generator in exact accordance with steam 
demand, and practically all water entering the generating coils must be converted 
to steam in a single pass. No water level is maintained, therefore, flow controls 
must be used to regulate water, fuel and air. The volume of water flowing 
through the water portion of the servo control positions an oil valve which 
operates the hydraulic mechanism. Hydraulic pistons position a double cam 
plate to increase or decrease fuel and air. The double cam plate through a sleeve 
valve balances the hydraulic pistons to bring the system to equilibrium. The 
water then enters the steam generating coils where it is converted to steam. 
Any excess water is removed by a centrifugal steam separator to insure dry 
steam. The excess water, traveling at high velocities through the coils, carries 
the scale forming sludge into the separator where it is separated and wasted 
to the ground by automatic periodic blowdowns. 
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Atomization is by compressed air and a high pressure fan furnishes com- 
bustion air. A steam temperature limit control meters oil to the burner nozzle 
if lack of water causes superheating. Standard safety controls are used and 
A.S.M.E. practices and codes are observed throughout the manufacturing pro- 
cedures. Thermal efficiencies are approximately 82 percent. Fig. 2 shows a 
typical schematic piping diagram of the type of steam generators now generally 
in use on American railroads, 

The rules governing engineers and firemen prohibit the firemen from leaving 
the cab of the locomotive when the train is in motion. Therefore, all controls 
must be entirely automatic and in addition, remote alarms are used to iidicate 
any failure of the generator or its appliances. Shut down of the unit upon 
arrival at terminals is accomplished by remotely operated valves which shut 
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Fic. 2. Scnematic Pip1nc D1iAGRAM—STEAM GENERATOR 


off the main steam line and, in turn, cause the generator to reduce its output 
to zero. 

Periods of maintenance may well be irregular and at extended intervals, some 
railroads covering 5000 miles of operating before bringing the diesel locomotive 
into a terminal for maintenance. For this reason preventive maintenance is 
practiced and routine work highly systemized. 

Other sources of heat have been used for railroad cars, some aimed at reliev- 
ing the diesel locomotive from the problems of carrying water necessary for the 
production of steam and the additional fuel necessary for the steam generator. 
Others have been the outgrowth of electrical capacity problems. The advent of 
the modern high speed, lightweight, passenger car has brought increased com- 
petition between neighboring rail lines. More and more consideration is given 
to passenger comfort and increased use of electrical equipment has been the 
result. Capacities of air conditioning equipment have increased from 5 and 6 
tons to from 7 and 8 tons per car. Better lighting and more of it has been used. 
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Radios, record players and intercommunication systems have imposed increased 
electrical loads. Diners are being built with entirely electrical kitchens. This 
constant increase in electrical load has increased the sizes of axle driven elec- 
trical generators to their limit. Axle load limits have been reached and alternate 
sources of electrical energy are being sought; on long transcontinental trains 
frequently a major portion of one diesel locomotive is being used just to drive 
axle generators and the locomotive contributes relatively nothing to the total 
tractive effort of the locomotive combinations. 

In some cases head end electrical generating plants, diesel engine driven, have 
been used, but the problems of transmission between moving cars has not been 
satisfactorily solved. 

More and more applications of individual engine generator sets on passenger 
cars are being made to solve the problems of increased electrical loads. Propane 
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engines are used on some railroads for generating electrical energy and also 
for air conditioning. Much work is being done at the present time on. diesel 
engine generator sets and in some of these cases, the waste heat from the diesel 
engine is being recovered. [n some applications, the coolant water of the diesel 
engine is used as the heating medium within the car. In other applications, 
a liquid to liquid heat exchanger is used to heat water or a mixture of water 
and ethylene glycol which in turn is used as the heating medium. The largest 
single electric load is the air conditioning system; therefore, there is excessive 
capacity during non-air conditioning seasons. The energy may be used during 
the heating season as an auxiliary source of heat. Fig. 3 shows a typical 
schematic piping diagram of a waste heat system, using a diesel engine generator 
set placed underneath the car as the source of power and heat. 

Thermostatic controls are arranged to use the available heat in predetermined 
sequence. First electrical current is used either by strip heaters in the overhead 
heating system or immersion heaters to heat the heating fluid. This insures 
maximum loading on the diesel engine. Next, full use is made of the heat wasted 
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to the coolant with thermostatic controls insuring constant engine manifold 
temperatures. Finally, the waste heat in the engine exhaust is used by means 
of a gas to liquid heat exchanger controlled by a bypass butterfly valve in the 
exhaust line. The sizes of the engine generator sets used range from 20 to 35 
kw but full use of all recoverable heat will not satisfy the full heat load in colder 
climates and steam must still be used to supplement the engine heat unless an 
oil-fired water heater is used to make up any deficiencies. Such a heater as 
shown in Fig. 4 may be used alone as the heat source, or in conjunction with 
the heat from the axle generators or engine generator sets. Rated output is 
150,000 Btu per hour at 8 gpm flow of liquid and up to 185,000 Btu per hour 
at flows of 20 gpm and upward, as normally used on passenger cars. Such 
heaters are also used to control automatically, through thermostats, the coolant 


Fic. 4. 150,000 Bru per Hour 
WaTER HEATER 


water temperatures on diesel freight and switch locomotives during periods of 
non-use to eliminate the need for engine watchmen and to reduce maintenance 
costs resulting from prolonged operations at slow idling speeds. 

Another solution to the problem of furnishing an individual source of heat 
for each car has been proposed and is being studied and tested at the present 
time. This is an offshoot of the so-called vapor phase system as applied to 
internal combustion engines. It consists generally of operating the engine at 
coolant manifold temperatures above the vapor temperatures at atmospheric 
pressures. The coolant flowing from the engine would be allowed to flash into 
steam and the steam condensed either in the heating system or undercar con- 
densers. Higher engine efficiencies would result as well as increased overall 
thermal efficiency of the system. Pump heads seem, at the present, to be the 
limiting conditions when handling very hot liquids. There are also problems 
to be studied concerning the coring of the coolant water through the cylinder 
block of the diesel locomotives to avoid cavitation of the hot coolant liquids. 
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At present, however, approximately 95 percent of all passenger cars are heated 
with steam, and therefore its distribution and control are the major considera- 
tions of all railroad heating and air conditioning engineers. Fig. 5 shows a 
typical steam heating layout for an open section coach passenger car. High 
pressure steam is transported through the cars by 2% in. main steam lines and 
through flexible metallic conduits between cars. Steam pressures vary from 
125 to 250 psig. Total steam demand is greatly in excess of the total of the 
heat demand of the individual cars. The calculated heat loads of individual 
modern passenger cars at —20 F with a 40 mph wind is approximately 180,000 
Btu per hour, or about 185 lb of steam per hour. Actual tests indicate steam 
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consumption may be as high as 350 to 400 lb of steam per hour per car. The | 
difference in these figures is the loss due to main steam transmission lines and 
flexible metallic conduits, this loss increasing as temperature gradients increase. 

The high pressure steam is reduced in pressure and fed thermostatically to 
the radiation at pressures from 3 to 12 lb. Condensate is wasted to the ground 
at temperatures of approximately 200 F. 

Nowhere in industry does the heating and air conditioning engineer have more 
difficult problems to solve and more precise control specifications to meet. The space 
to be controlled is exposed on all six sides. It may be, and is propelled through 
space at speeds up to 100 mph. The same required equipment must be able to 
operate and control continuously from temperatures of 120 F in desert areas 
to —60 F in Canada or the Pacific Northwest. 

Only one manual switch is used on the majority of passenger cars. This is 
a simple Off and On switch. Thermostatic controls determine whether the car 
will be heated, ventilated or air conditioned. A 1 deg ventilating dead band is 
usually used between heating and cooling, although cooling will extend into the 
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heating band. For example, a car will be heated to 75 F, ventilated to 76 F and air 
conditioned from 76 F, although the car may be cooled down to as low as 68 F. 
It is evident that controls must respond within less than +0.5 F to avoid 
hunting from heating to cooling and the reverse. An outside thermostat is used 
for positively locking out the compressor circuits when outside ambient tem- 
peratures are above a predetermined level. 


Car Heatinc DEsIGN 


The heating system of a railroad car may be divided into three separate parts: 
an overhead forced air system, a side wall radiation system, and the radiant 
heating at the floor line. 

The overhead forced air system is usually designed to take from 25 to 50 
percent outside air, filter it, heat or cool it, and deliver it to the car through 
aspirating or diffusion type of outlets. With increases in air conditioning capaci- 
ties, volumes of air have increased to avoid frosting of the evaporator coils. 
Air handled has increased from an average of 1500 cfm on prewar cars to 2400 
cfm on postwar cars. Since duct sizes have remained relatively fixed, velocities 
have increased and air temperatures must be held fairly constant at the outlet 
to avoid hot and cold drafts. On prewar cars air intake hoods and filters 
increased in static pressure with the speed of the car and the result generally was 
100 percent recirculated air at speeds of 50 mph and over. Since the war, intake 
hoods have been designed with a fairly even static head resulting in use of out- 
door air at high speeds and increasing the total heat demand of the system. 

If outdoor air intakes do not function at high speeds and exhaust fans are 
used, it is evident that a negative pressure might result in the car body and 
that is the case in a large proportion of the present railroad cars. Air leakage 
is increased tremendously and difficulty is encountered in keeping end doors 
closed. The problems imposed on the control system under these changes of air 
distribution require careful study and extreme accuracy to overcome. To over- 
come the problems of negative pressure and the resultant dirt problem, some 
cars have been pressurized to insure correct air distribution and cleanliness. 
The plenum chamber is sealed and no exhaust fans are used. Leakage stacks 
provide air outlets and air pressures of fractions of an inch are maintained 
throughout the car body. 

All types of filters have been used including electrostatic, centrifugal and 
activated carbon. Those used most generally, however, are the wire mesh oil 
dipped type. 

The increasing volumes of air handled in overhead systems have increased 
heating coil sizes from a prewar average of about 58,000 Btu per hour to about 
100.000 Btu per hour on new cars. 

Even with the increase in volume, velocity and heat input in the overhead 
system, tests prove conclusively that the overhead air stream cannot penetrate 
to the floor line of the cars without raising discomfort levels to unbearable 
limits. It must be remembered that conditions in railroad cars differ radically 
from those encountered in industrial or domestic service. Passengers sit next 
to, or in actual contact with, cold external walls and windows. Distances from 
air outlets to passenger contact are at a minimum. Outlets may be directiy 
over the passenger at a distance of 5 ft from the head level when seated. The 
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inability to penetrate to the floor line necessitates the use of other heating 
systems to insure warmth at external walls and floor line. 

A side wall heating system consisting of finned radiation is used to insure a 
vertical film of hot air along the side walls of the car. Such a system has been 
used for many years in railroad cars and while the full value of the system was 
not realized, its use became almost universal. 

Before air conditioning became widely used, windows on all railroad cars 
were single glazed and also storm windows were used in cold weather. At that 
time, windows were approximately 40 percent of the side wall of the car adja- 
cent to the passengers. These windows had large leakage factors and a high 
velocity vertical air film was the only method of counteracting such heat losses. 
Today windows make up approximately 80 percent of the car side wall exposed 
to passengers, but are double glazed and are well sealed in rubber. Radiant 
losses and gains have replaced the convectional losses and different methods 
are used to counteract these losses. In addition, heat distribution is better under- 
stood and may be more closely calculated. 

Today the action of the side wall radiation is divided into two functions, that 
of convectional currents rising vertically along the outside wall and the radiant 
heat radiating in straight lines from the radiator guards in the form of infra-red 
rays. 

It can be visualized then, that the air currents in the confined 10 ft wide 
space of a railroad car are at right angles to each other. A main air stream 
from the overhead system follows a path longitudinally of the car body and the 
convectional air currents from the side wall radiation move transversely and at 
right angles to the main overhead stream. These air movements become more 
complicated in multiple room cars but the main streams still retain their indi- 
vidual characteristics. 

At one time it was felt that the convection currents from the side wall radia- 
tion kept the ankles and feet of passengers warm. It is now realized that the 
air currents moving from the aisle toward the side wall radiation must of 
necessity, be considerably cooler than the warm air delivered from the overhead 
system or the air rising from the side wall radiation. Today the value of infra- 
red radiation is fully recognized and indeed the raising of mean radiant tem- 
peratures to comfort levels has been a goal for some years. In 1934 the warm 
air from the side wall radiation was first used behind wainscot sheets being 
released at the window sill, thus giving a radiant shield between passengers and 
side walls and making effective a film of rising warm air on the inside of the 
windows. Today many cars are making use of such panel heated construction to 
improve heat distribution and increase the efficiency of the heating system. 

In addition to the foregoing problems which must be solved by the control 
engineer, it has been found necessary to zone individual cars. End doors of 
the cars are constantly being opened, thus allowing cold air currents to enter 
the car body. This is especially objectionable at the non-recirculated end of 
the car where these cold air currents may easily affect the passengers adversely 
in the first two or three seats. For this reason, radiation at the end of the car 
is controlled separately by thermostats in that zone. In addition, lounge rooms 
for men and women are zoned separately as well as individual rooms in multiple 


room cars. 
Additional zoning is used on many railroad cars which travel from east to 
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west across the country and from north to south on long trains. Here recog- 
nition is given to the differences between sunny and shady sides of the car, and 
consequently, thermostats on each side of the car regulate the amount of heat 
input to the car in accordance with radiant: heat being added to that side of 
the car by sun effect. A particularly difficult problem in radiant effect is found 
in the so-called dome cars, now being used on many of the railroads. These 
cars are double-deck cars with the upper deck being in the form of a bulge at 
the roof line, the outer skin of the bulge being approximately 95 percent glass. 
Here radiant effect of sun can influence greatly the heating and air conditioning 
loads in the car, and thermostats sensitive to radiant heat are used to adjust 
the normal car thermostats to balance the heat input to the radiant heat imposed 
on the car structure. 


Thermostatic control theories are fairly well defined although changes in seat- 
ing arrangements and partition locations constantly must be analyzed anew. 
In general, it is well accepted that the overhead heating system must be fully used 
at all times to conform to the standards of ventilation set up by the U. S. Public 
Health Service. Thus the overhead system is used to heat the car until outside 
conditions, as indicated by inside temperatures, indicate the need for additional 
heat requirements from the side wall heating system. To accomplish this, side 
wall heating is tied in thermostatically to the overhead system and cannot be 
used except when a call for heat is recognized by the overhead heating ther- 
mostats. Such a system insures balance of heat and allows temperature levels 
to be maintained within 1 deg bands from end to end of the car and from floor 
to ceiling. 


Bimetallic thermostats do not have the precision of control necessary for rail- 
road requirements, nor will they stand the high vibration and shock conditions 
encountered. A mercury thermostat specially designed to meet these conditions 
is used almost universally for control. Where extremely cold temperatures are 
encountered, a mercury thallium amalgam is used in place of pure mercury in 
the thermostat. A unique feature of the thermostat is the fact that a secondary 
mercury bulb may be used. This bulb is wrapped with a resistance winding and in- 
sulated to be unaffected by ambient temperatures. The result is a thermostat which 
may be influenced by ambient temperatures or by artificial heat applied elec- 
trically through the resistance winding of the secondary bulb. The secondary 
bulb may be used in two ways. A steady amount of current may be imposed on 
the heat winding to set the thermostat down below its fixed temperature setting. 
Thus an 80 deg thermostat may be used as a 78, 76, 75 deg thermostat elimi- 
nating the need for an infinite number of fixed setting thermostats. By using 
a potentiometer in series with the heat winding, a controllable thermostat results. 
The heat winding on the secondary bulb may be used in another important 
fashion. By placing a resistance in parallel with the fixed resistance used for 
set down and having this resistance cycled by the relay operated by the thermo- 
stat, additional heat may be imposed on the secondary bulb when the mercury 
column is not in contact with the control point. When the mercury is in contact 
with the control point, a relay cuts out the cycling resistance and allows ambient 
temperature to affect the thermostat alone. By weighting the cycling resistance 
to the latent heat in the radiation being controlled, the heat input may be shut 
off at a point where the remaining latent heat in the radiation will bring the 
temperatures to the control point without overruns or underruns. While many 
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thermostats now use this feature, basic patents restricted its use to such mercury 
thermostats until recently. 

Mercury thermostat-relay combinations control solenoid steam admission 
valves, electric strip heaters, oil fired heaters and, through interlocks, control 
the air conditioning equipment. 


Arr CONDITIONING SYSTEMS 


While electro-mechanical air conditioning equipment is most widely used, 
there are many cars equipped with steam jet systems and many which still use 
ice activated systems. It has been found that, generally, dry bulb control will 
give satisfactory results although reheat has been used in several ways. Over- 
head steam radiators have been used as well as electric strip heaters. In some 
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Estimated Btu 

Rear Sectwn: no fans—16 ft at 850 Btu per foot—13,600 Btu 

Side Sections :—25 ft at 2000 Btu per foot—Blowers on each side—50,000 Btu. 

Front Section: 2 rows 57 fins per foot with 2 blowers—1l4 ft of radiation at 3500 Btu per foot 
Total front end output: 4900 Btu 

Total heat output: at 170 deg water, 112,600 Btu 


cases reheat is under control of the occupant of a single room by means of a 
small electric heater in the duct outlet of the individual room. In addition, wet 
bulb control has been used in some cars and combination wet and dry bulb 
control has been used. 

The same progress and forward thinking is being applied in other fields of 
transportation. In the bus industry more and more thought is being given to 
passenger comfort and modern heating and air conditioning controls are being 
applied. Normally the buses make use of the heat wasted by the engine to the 
cooling liquid for heating the interior of the bus. The coolant is pumped through 
various types of radiation, some in the form of unit heaters with fans to force 
air through the radiation core. In others, the radiation is distributed at the floor 
line and circulation is by convectional currents. Proper distribution of the heat 
uniformly throughout the bus body is being given more and more consideration 
in order to insure comfort levels at all seating positions in the bus. Fig. 6 shows 
a modern heating arrangement for a typical bus. While under normal operating 
conditions, the heat rejection to the coolant liquid by the bus engine is sufficient 
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to heat the bus properly, there are periods during which heat rejection is at 
too low a level to insure comfort within the bus body. This occurs at stopping 
points for loading and discharging of passengers and on long down hill runs 
where the bus engine is not being run. In some western states, these down hill 
runs may extend for lengths of 10 to 14 miles, with the bus engine operating 
not above idling speed, thus limiting the heat rejection to the coolant liquid 
and, in turn, the heat input into the bus. Some consideration has been given 
to the use of booster heaters for such periods when the heat rejection from the 
bus engine is not sufficient to make up the heat demand to the bus body. Oil fired 
or gasoline fired, small compact water heaters similar to that shown previously 
in Fig. 4 are used to make up the additional heat requirements during engine 
idling periods. These booster heaters also are used for standby protection for 
the bus during periods of non-use and when buses must be stored in outside 
storage lots during freezing weather. 

Modern street cars of the PCC type make use of otherwise wasted heat from 
dynamic brakes and by means of thermostatically controlled dampers, either 
reject the heat or admit it into the car body. 


AIRCRAFT APPLICATIONS 


Aircraft equipment and controls, although necessarily more complicated and 
compact, also follow modern theories of control. Aircraft are heated and cooled 
by means of mixing dampers used to correct the proportion, cold and hot air, 
to satisfy temperature requirements in the cabin or body of the airplane. The 
source of the hot and cold air varies with various types of planes. In general, 
reciprocating engine driven airplanes use ram air as a cooling medium and 
ram air which has been heated by a gasoline heater for the hot source. The 
cold and hot air then is mixed to give a predetermined final temperature in the 
aircraft body. In general, cooling equipment is not used on commercial types 
of airplanes. The ram air cold source is sufficient to satisfy the cooling demands 
of the cabin or passenger carrying space. In military aircraft however and more 
especially in modern jet planes, it is necessary to mechanically cool the air so 
that a positive source of refrigeration is available at all times. On jet powered 
military aircraft, air is bled off from turbines and used as the hot source. A portion 
of this air is then fed through a cooling turbine where the air is forced to drive 
the turbine, giving up its energy and leaving the turbine as cold air. Here again 
the hot and cold air is mixed to satisfy the demand of the cabin. Thermostatic 
controls are now standard equipment on practically all aircraft for cabin heating 
and cooling, for de-icing purposes both on wings and cabin windows, for car- 
buretor intake air heating, cowl flap controls and oil cooler controls on recipro- 
cating engine type aircraft, and for cabin heating, de-icing and cooling on jet 
powered aircraft. Rate of change of temperatures in aircraft may be as high 
as 50 deg per second and here mass must be reduced to a minimum in the tem- 
perature sensing element. Electronic temperature controls are being used in 
increasing numbers, although some jet aircraft have cabin heating controls, 
using the double mercury bulb thermostat because of its low cost and simplicity. 


CoNCLUSIONS 


It is evident that even though it is not a high mass production, highly com- 
petitive industry, the field of transportation heating, ventilating and air con- 
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ditioning has kept pace with the most forward thinking and has offered valuable 
contributions to the general knowledge in this field of engineering. The unex- 
celled policies of service to the country and public of the transportation industries 
will insure that this, as well as other fields of engineering endeavor, will continue 
to progress. 
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WATER-VAPOR PERMEABILITY OF BUILDING 
PAPERS AND OTHER SHEET MATERIALS 


By E. R. Bett*, M. G. anp N. T. Kruecer**, Mapison, WIs. 


EVERAL methods are currently in use for measuring the water-vapor per- 
meability of building materials. The work described herein was carried on 
during the summer of 1947 in cooperation with the Division of Standardized 
Building Codes and Materials, Housing and Home Finance Agency, to evaluate 
the water-vapor permeability of many building papers and other sheet materials 
according to Tentative Standard Procedure C214-47T, American Society for 
Testing Materials, and minutes of A.S.T.M. Committee C16. The procedure and 
minutes included a dry and a wet method, both of which were used in the 
present work. The materials tested were largely paper-base compositions treated 
in various ways to make them resistant to the passage of water vapor. 
Materials for the tests were furnished by the manufacturers. Sufficient quan- 
tities of most materials were received to prepare several wet and dry pans. A 
large percentage of the papers and sheet materials were treated with asphalt, 
some with tar, a few with wax and asphalt, and some with an aluminum-pig- 
mented coating or aluminum foil. 


Test APPARATUS 


Chambers: Two chambers ordinarily used for drying or conditioning wood 
were prepared for the permeability tests. 

A highly sensitive thermostat located midway between the fans controlled the 
heat input through the resistance heating coils. One set of heaters was placed 
opposite each of the two fans. Nearly constant cooling was provided by circu- 
lating city water through the cooling pipes. A wood-element hygrostat suspended 
from the ceiling maintained a nearly constant relative humidity by controlling 
the quantity of steam permitted to enter the chamber through small holes at 


* Physicist, Forest Products Laboratory, Forest Service, U. S. Department of Agriculture, main- 
tained in cooperation with the University of Wisconsin. 

** Physical Science Aid, Forest Products Laboratory, Forest Service, U. S. Department of Agri- 
culture, maintained in cooperation with the University of Wisconsin. 

Presented at the 57th Annual Meeting of THe AMERICAN Society oF HEATING AND VENTILATING ENGI- 
NeeRS, Philadelphia, Pa., January 1951. 


287 


| 
| 
4 
. 
i 3 
a 
5 
| 


288 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


intervals along the length of the humidifier pipe. Air was circulated by two 24- 
in. fans, each rotating at 1140 rpm and having a capacity of 5500 cfm free 
delivery. 

The air circulation is indicated by the curved arrows of Fig. 1. The fans 
forced the air into the space in front of the racks and through the racks over 
the permeability test pans to the rear of the chamber. In the space behind the 
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Fic. 1. Scuematic Cross SECTION OF VAPOR-PERMEA- 
BILITY TEST CHAMBER 


racks the air was conditioned with respect to temperature and relative humidity 
before continuing through the fans. 

Fig. 2 is a rear view of the chamber, showing some of the control mechanism 
and the recorder on which dry and wet bulb temperatures were recorded con- 
tinuously. During the on-off cycles of heating and humidifying, the dry and wet 
bulb temperatures passed through a range of approximately 0.3 deg. The atmos- 
pheric conditions were maintained at 90 F and 50 percent relative humidity. 

Racks: Each chamber was equipped with racks (Fig. 1) to support the pans 
and permit a free movement of air over the test specimens. The racks were 
26 in. deep, so that two pans used in the wet method could be placed in each 
opening, one on the side of entering air and the other on the side of leaving 
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air. Six openings in each rack (Fig. 3) contained inserts, each of which held 
10 dry pans. The racks were designed to provide an opening of 34 in. above 
both the large and small pans. With this configuration, 120 dry pans and 108 
wet pans could be placed in each chamber. 

Pans: The aluminum pans used in the dry method and the copper pans used 
in the wet method are shown in Fig. 4. The aluminum pans employed in the 


Eve” 


Fic. 2. REAR VIEW OF VAPOR-PERMEABILITY TEST CHAM- 
BER SHOWING ParT OF THE CONTROL MECHANISM AND THE 
Wet AND Dry BuLB TEMPERATURE RECORDER 


dry method were 15/32 in. deep and had an exposed area of 20.6 sq in. The 
copper pans were 2 in. deep and had a 34-in. horizontal flange in which to seal 
the specimens. The exposed area of the specimens was 100 sq in. 
Anemometer: Velocities were measured with a temperature-compensated hot- 
wire anemometer. Calibration of the meter was checked by comparison with 
Pitot tube measurements in a wind tunnel at the College of Engineering, Uni- 
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versity of Wisconsin. Air velocities ranged from a minimum of 455 to a maxi- 
mum of 1120 fpm and averaged 762 fpm over the sample surfaces. 

Weighing Enclosure: Since it was considered highly important to weigh the 
pans in the atmosphere of the chamber, an enclosure was built inside the cham- 
ber to protect the pans from air movement. Fig. 5 shows the enclosure in place 
with one door open and a pan resting on the support ready to be weighed. A 


Fic. 3. Pan Rack witH Rounp Dry PANs IN 
WoopEen INSERTS AND SQUARE WET PANS PLACED 
DrrREcTLy IN RACK 


probe covered with sponge rubber, which extended into the enclosure from 
below, was used to arrest the motion of a pan within the enclosure before weigh- 
ing. The enclosure was placed directly below an opening in the top of the cham- 
ber that permitted a fine wire suspension to be lowered from the arm of a 
balance on top of the chamber to the pan support in the enclosure. 

Balances: Balances for weighing the dry and wet pans were placed on an 
adjustable platform on top of the chamber (Fig. 6). An analytical balance 
sensitive to 0.0001 g was used to weigh the dry pans. A triple-beam balance 
sensitive to 0.1 g was used to weigh the wet pans. 

The microphone and amplifier visible in the background of Fig. 6 were part 
of an intercommunication system assembled for the convenience of the operators, 
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one of whom was inside the chamber to place the pans on the support in the 
weighing enclosure, while the other manipulated the balance. 

Sealers: A mixture of 60 percent microcrystalline and 40 percent refined 
paraffin wax was used to seal specimens in the dry pans. The sealing medium 
for the wet pans was a rubber-base liquid adhesive that was used in conjunction 
with aluminum foil to define the test area and prevent edge leakage. The 
aluminum foil, which was mounted on wax paper for support, was cut into 
strips, each 1.5 in. wide and 14 in. long, one of which was used for each side 
of each pan. 

Desiccant and Wet-Pan Filler: The desiccant used in the dry pans was 
anhydrous calcium chloride. 

Wet pans were partially filled with water to provide approximately 100 per- 
cent relative humidity, sphagnum moss to provide a large surface for evaporation 
and to prevent surging of water when handling pans, and a fungicide to prevent 


Fic. 4. CoMPONENTS, TEMPLATES, AND COMPLETED ASSEMBLIES OF 
Dry AnD WET Pans 


(L. to R.) Top row: template, specimen, copper pan containing water and sphagnum moss, com- 
pleted pan with specimen on top, and aluminum-foil strips. Bottom row: specimen, aluminum pan 
with calcium chloride, completed pan with specimen on top, template. 


mold or fungus growth or chemical action that might evolve a gas and produce 
a pressure within the pan. 

Templates: Templates to define the specimen area, to register this area 
properly with respect to the pan, and to aid in applying the sealing material 
are shown in Fig. 4. 


Test PROCEDURE 


Because the materials to be tested were submitted in various quantities and 
forms, no standard sampling procedure could be followed. Some material was 
received in the form of 16- X 16-in. pieces, other material in rolls. The test 
specimens for any one material were obtained from widely scattered portions 
of the roll or from different 16- X 16-in. squares. In some cases, however, 
because of the insufficient amount of material supplied, no choice in the manner 
of cutting out the test specimens was permitted. 

A dry pan was filled with calcium chloride granules to within 0.1 in. of the 
surface that supported the test specimen. The specimen, cut to the same size 
as the larger face of the template, was placed in the pan. A thin coating of 
zinc stearate powder was applied to the sloping edge of the template with a 
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cloth, in order to prevent the wax from sticking to the template. The template 
was placed on the specimen, and molten wax was poured into the annular space 
between the pan and the template. When the wax had cooled and solidified, the 
template was carefully removed and the voids left by the template guide arms 


Fic. 5. INTERIOR OF VAPOR-PERMEABILITY TEST CHAMBER 
WITH WEIGHING ENCLOosuRE AT LEFT AND RACKS AT RIGHT 
One door of the enclosure is open to show a dry pan on its support, sus- 


pended by a fine wire attached to the analytical balance above the roof of 
the chamber. 


were filled with wax. The pan was weighed and placed in the rack in the test 
chamber. Pans were weighed periodically until a constant rate of change of 
weight was observed. The permeability of the material was calculated from the 
constant rate of weight change. 
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A coat of adhesive was brushed onto both sides of the flange of a pan and 
allowed to dry at least an hour. The pan was filled with distilled water to within 
1 in. of the test specimen, and enough sphagnum moss to cover the water surface 
was placed in the pan. A predetermined quantity of the fungicide solution was 
added to the water. A specimen was cut to the size of the pan, including the 
flange. The template was placed in the middle of the specimen, and the adhesive 
brushed onto the edge of the specimen extending beyond the template and 
allowed to dry for at least an hour. A second coat of adhesive was applied to 


Fic. 6. ANALYTICAL BALANCE AND COMMUNICATION EQUIPMENT ON ToP OF 
THE CHAMBER 


both flange and specimen, and the two were pressed firmly together 5 minutes 
after applying the second coat. The aluminum strips that covered the edges of 
the specimens were spread with adhesive, dried, respread, and applied with the 
same timing as was used for the test specimen. The pan was weighed and placed 
in a test-chamber rack. It was weighed periodically until its rate of change of 
weight became constant. Permeability was calculated from the constant rate of 
weight change. 

The preparation of the dry pans deviates from 4.S.T.M. Tentative Standard 
Procedure C214-47T only in the substitution of zinc stearate powder for petro- 
latum to prevent wax from adhering to the metal template. The zinc stearate 
has two distinct advantages: (1) it does not unite with any material likely to 
be tested by the dry method or the wax sealer, and (2) any of it that may 
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TABLE 2—WATER-VAPOR PERMEABILITY MEAN VALUES IN INCREASING 
NUMERICAL ORDER, EXPRESSED IN GR PER (SQ FT) (HR) (IN. He) 


Dry method $ Wet method 
Permea- : Sample : Permea- : Sample : Permea- : Sample : Permea- : Sample 
bility * number : bility : number : bility : number : bility : number 
(1): (4) (5) (6) (7) (8) 
0.000 +: 1613 v 2; 0,362 +: 1210 : 0.027 : 1613 (U) : 1.660 : 605 
1705 .377 1806 =: 161 2 1.660 1107 
: 1613 (D : 6.389 1209 2122 : 1802 1.684 2001 (D) 
1705 : 1608 {>} 206 : 1.702 : 1104 
-003 1805 463 3: 1617 (U) .143 : 104 (U) : 1.752 +: 1603 
1805 : «609 : .158 05 : 1.774% +: 1000 {0} 
: 2000 (D) : .473 : 1112 163: 1705 : 1.801 +: 1617 (U 
-017 1: 1802 >: : 103 U) : 1-897 1501 
1202 : .50% $1112 1803 : 1.8 1604 
2027. : 1208 .504 1709 : .228 : 1613 (D) : 1.976 : 602 
-030 106 1708 : 100 : 2,014 : 1600 
+: 1200 : .526 +: 1619 2000 (D) : 2.031 1500 
-032 : 104 {0} : .527 3: 605 .252 : 180% : 2.194% +: 1102 
-033 : 104 (D) : .560 1801 .293 1203 2.335 1105 
-035 : 105 .583 +: 1101 .331 +: 2000 (U) : 2.391 + 1106 
.052 : 100 : .583 +: 1617 (D) : .366 +: 1202 : 2.398 +: 1602 
: 1203 £665 1205 : 228 : 1208 2.423 : 1210 
.081 : 180 657 11 -422 +: 1706 2.45 1601 
2000 {0} .703 1704 1616 (D) 2.497 1004 (U) 
-116 : 1000 (D) : .711 +: 1603 .451 1103 2.815 +: 1205 
100% (U) 1205 : .460 + 1610 : 2.835 1004 (D) 
e146 1005 805 602 -566 +: 400 2.917 1215 
2156 : 1804 _ : 1106 -581 +: 1200 : 3.447 : 1801 
: 1616 (dD): . : 1215 -583 1806 (D) : 3.465 : 103 
1001 : .850 1113 : .589° 1616 (U) : 3.612 +: 1000 (D) 
1620 : .864 +: 1110 .623 1302 3.045 
1301 2 .935 212164 (D): 1212 : 
1700 : .9712 102 609 : 3: 1804 
230 1614 1.037 21214 (U) : .806 : 1617 (D) : 4.370 : 
2232: 1616 (U) : 1.081 +: 1600 : 1612 : 4.873: 
-237. : 1004 (D) : 1.207 +: 1800 « 1619 : 5.564 : 102 
: 1.241 +: 1107 : 1700 : 5.661 +: 1800 
: 1000 (U) : 1.560 : 102 : .908 1620 : 5.741 +: 1214 
258 1502 : 1.812 603 -925 : 1100 : 6.18% 1213 
+: 1608 (U) : 2.007 1206 -976 1708 6.369 +: 1214 (u) 
2.145 610 : 2001 (U) : 6.394 1207 
280 : 1103 : 2.469 1707 1.006 +: 1109 : 7.044 % 1707 
287 : 400 : 3.022 : 1207 1.024 1611 : 8.158 + 1206 
+: 1500 3.159 1213 1,046 1005 : 9-733 101 
+296 1115 2 3.267 1212 1.067 +: 1502 : 9.429 +: 1701 
-300 +: 1116 3.612 17021 : 1.072 +: 1805 (D) : 9.755 607 
: 1503 : &l055 : 1204 : 1.119 1209 211.916 : 1703 
305 3.1102 : 6.197 +: 607 1.197 1609 : 12.235 1702 
1706 7.447 1703 1.232 1302 : 16.515 1710 
+327 1806 (U) 7.987 +: 1702 : 1.257 : 1608 (U) : 18.2 1204 
1211 11.656 +: 1710 1.349 +: 1709 : 20.231 
30.764 60 1.377 1509 20.383 +: 1001 
1501 33.30% +: 1201 : 1.430 : 1607 pS: 322 : 1201 
1302 99.230 +: 1300 1.491 +: 1108 : 41.926 *: 606 
: 1114 2 99.323 : 608 1.547 1101 : 66.997 1621 
99.345 1621 1.585 +: 1704 : 67.807 +: 608 
: 1.612 =: 1606 76.615 1300 


(continued in col- 
umns 3 and 4) 


: umns 7 and 8) 


1U indicates “‘up” face, 


D “down” face, of numbered specimens, as described in table 
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remain on the specimen can be removed with a light puff of air or a few strokes 
of a soft brush. 

The method of preparing a wet pan, according to 4.S.T.M. Tentative Stand- 
ard Procedure C214-47T, is nearly the same as that for the dry pan. Pans used 
in the present work had a much larger area (100 sq in.) than the 4.S.T.M. 
minimum requirement (about 10 sq in.). The sphagnum moss served to prevent 
surges of water when the pans were handled, and to provide a large surface 
for evaporation of water and thereby to insure a practically saturated atmos- 
phere at the lower surface of the sample. The fungicide was added to prevent 
mold or fungus growth. The method of sealing previously described is quite 
different from the A.S.T.M. method. It is relatively simple, and tests proved 
it to be entirely satisfactory. 


RESULTS OF TESTS 


All of the materials tested are listed in Table 1 by groups. The table gives a 
description of each material, the mean vapor-permeability value, and the coeffici- 
ent of variation for tests performed by both the dry and wet methods. Two 
values are given for those materials having faces that differ from each other. 
The face designated as up in the table was exposed to the atmosphere of the 
chamber. Although there is no satisfactory way to indicate the variability of 
a very small number of values, the coefficient of variation was chosen as the 
best means of expressing variations within the individual materials. It is 
expressed in percentage and determined as follows: 


(c/x). X 100 = coefficient of variation 


=x? — 
n—1 


where 
¢ = standard deviation 
x = individual value 
x = mean 
m = number of values 


Table 2 gives the permeability values arranged in ascending numerical order. 
Values obtained by the dry method and by the wet method are presented 
separately. 

There is a considerable range in the values of the coefficient of variation; 
where this value is large it is a good indication of non-uniformity of material. 
The variability found in the material tested would appear to warrant the use 
of a large number of samples. A large coefficient of variation would be relatively 
unimportant for material having a permeability value considerably below a 
specified maximum, but it would be highly important for a material having a 
permeability value near a specified maximum. In the latter case, a material 
would be questionable and perhaps rejected on the basis of its unreliability. 

The various materials differed greatly in mean vapor-permeability values 
(Table 1), ranging from approximately 0 to about 100 grains per (sq ft) (hr) 
(in. Hg). The wet method yielded values nearly always greater than those 
determined by the dry method; moreover, the ratio of the two values was not 
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constant. The majority of the materials that had low permeability values by 
the dry method had low permeability values by the wet method. One of the 
several exceptions to this general trend was sample No. 1001 (single-sheet vapor 
barrier with fire-resistant coating on both sides), which had a low value, 0.189, 
by the dry method, and the relatively high value of 29.383 by the wet method. 

It is evident that the wet method is a more rigid test than the dry method, 
because many materials that fell in classes A and B when tested by the dry 
method failed to meet specifications for these classes when tested by the wet 
method. All of the materials that fell in classes A and B when tested by the 
wet method fell in class A when tested by the dry method. Materials that did 
not fall in classes A, B, or D, were placed in class C, although no specifications 
were given for this class. 

Further investigation is needed to determine the causes of the differences 
found between the two test methods, and whether materials acceptable by one 
method of test and not by the other offer adequate protection when used as a 
vapor barrier. A single standard procedure would be desirable for all sheet 
material, but it should be correlated with service tests to establish its validity 
as a permeability test. 
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DISCUSSION 


F. A. Joy, State College, Pa. (Written): I want to express my appreciation for 
the excellent job that has been done in the wide coverage of this field. The presenta- 
tion of water vapor data by both dry and wet methods is especially commended since 
each figure has certain applications 

At the same time, the practical use of this data by the architect or engineer appears 
to be quite difficult since the listed specification of a paper is not an accurate guide 
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to its performance. The objection to listing trade names is recognized, and in this 
dilemma it is urged that the manufacturer furnish with his product some statement 
of its vapor permeance expressed in uniform terminology readily understood. 

In this connection, there is a growing realization that the use of the term permea- 
bility, though common, is unfortunate when applied to a sheet of paper. Permeance, 
like conductance and resistance, is a better term to use for any specimen of given 
thickness, such as paper. Permeability is a property of the substance and numerically 
equal to the permeance of a unit thickness. The unit of permeance used in this 
report—one grain per (sq ft) (hr) (in. Hg)—is desirable and widely used, but this 
rather complicated name seems to be quite unnecessary. The name Perm, as a con- 
venient substitute, is finding increasing acceptance and perhaps will help to simplify 
and popularize the whole range of vapor transfer knowledge. We all speak familiarly 
of simple units like ohms, Btu’s, etc., but may be somewhat disconcerted by the 
inclusion of mercury in a water vapor unit. With your indulgence, I will use these 
terms in what follows. 

With few exceptions the tables show greatly increased permeance of a specimen 
when tested by the wet method. This is not surprising and is probably due in large 
measure to the naturally higher permeability of hygroscopic substances such as paper 
fibers at high relative humidity. It seems probable also in the wet tests that small 
temperature changes of the specimen will allow condensation upon its under surface, 
and the inflow of this liquid water into a capillary surface is of course rapid. Such 
condensation is expected when the specimen has low permeance insuring 100 percent 
relative humidity in the cup, and a temperature drop, though small, affects the speci- 
men faster than the body of water below it. Deliquescence may also play an important 
part in water transfer when a specimen containing a water soluble material is exposed 
to high relative humidity. This action is probably illustrated most emphatically in 
Test No. 1001 where the paper has a fire resistant coating, and a wet method per- 
meance 150 times the dry method value. 

If, in its intended service, the paper is expected to be wet by condensation, or 
otherwise, it is proper to so test it. In fact, greater assurance of wetness should be 
provided. If, however, its permeance to vapor alone at a high relative humidity is 
wanted, it would seem desirable to eliminate any chance of condensation by lowering 
the relative humidity in the test cup a known amount. This can be done with an 
appropriate salt, using a saturated solution to insure a steady vapor pressure if 
desired. This technique we have used with good results. 

The exceptions here reported to the general rule, t.e., those papers having lower 
permeance by the wet method, deserve comment. There were only four. Three were 
in the highest range tested—100 perms—and include all tests in that range. This 
reversal at the 100 perm level may be more apparent than real, and its explanation 
may lie in the technique or calculation. The assumption of 100 percent relative 
humidity in wet cups, and 0 percent in dry cups is probably sufficiently correct when 
the specimen permeance is low, but in the high range it seems obvious that these 
atmospheres cannot be maintained close up to the under side of the paper. If the 
effective relative humidity in a wet cup test is considerably below 100 percent, such 
a reduction acts in three ways to diminish the results: (1) The average permeability 
of the paper fibers is less; (2) The chance for condensation is removed; (3) The 
calculation assumes a wrong vapor pressure difference. 

This discussion of the three high permeance samples is important only as it tends 
to confirm a suspicion of the wet method as used, and as it demonstrates a need for 
consideration of the actual vapor pressure in the cup if the tested permeance value 
is to be considered other than nominal. The measurement of vapor pressure in cups 
is possible with an electric hygrometer. 

The use of different cups for the two methods seems to need additional explanation, 
for it would appear simpler to use the same cup for both. Fundamentally, a smaller 
volume of water than of desiccant is required, and a shallow cup with means to 
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reduce water surges would seem adequate. An inorganic grid will do this and the 
desirability of moss may be questioned. It is doubtful if moss, or any other wick, 
increases evaporation in still air as long as the projected area is fixed. Moreover, 
it is doubtful if 100 percent relative humidity is a desirable goal. 

These are some of the things that occur to me and may be of value in the inter- 
pretation of these manifestly important data. 


R. H. Herman, Pittsburgh, Pa. (WriTTEN): This is a very timely and important 
paper, and the authors are to be commended for the great amount of work which 
they have expended in obtaining the data for Tables 1 and 2. 

I know that Committee C16 of the A.S.T.M. appreciate the extra effort expended 
in running all these tests by both the dry and the wet method. The wet method has been 
criticized and discontinued by some organizations as being unreliable. These tests 
confirm the observations made by other investigators, that the vapor transmission of 
numerous materials is many times greater when tested by the wet method as against 
the dry method for the same vapor pressure differentials. There are, for example, 
instances such as low temperature insulation, where the vapor barrier is sometimes 
operating below the dewpoint temperature. In these cases much more accurate esti- 
mates of the vapor transfer can be obtained from tests made by the wet method 
(even if they are considerably in error) than if the estimates were made from tests 
obtained by the dry method. It has also been found that the wet method sometimes 
shows up unfavorable characteristics that would not have been observed if tested by 
the dry method alone. 

It is interesting to note the results obtained on the aluminum foil backed materials. 
Ordinarily one would expect practically zero water-vapor transmission if the foil 
was thick enough to have no pin holes. Sample 1613 shows zero transmission when 
tested by the dry method with the aluminum side up, while the same sample shows 
a high ratio when tested by the wet method with the aluminum side down. Somewhat 
the same type of results are obtained on sample 1805. However, sample 1614 shows 
much higher rates of transmission when tested by the dry method as against the wet 
method. Do the authors have any ideas as to what causes these inconsistencies? Was 
the aluminum foil too thin to give consistent results, or is there a possibility of leak- 
age through the seal? 

I fully agree that much additional work is necessary on this important subject. 


S. Konzo, Urbana, Ill. (Written): The comprehensive experiments reported by 
the authors bring forth some interesting features. The observed deviations between 
the wet and dry methods prompt me to ask the question whether any observations 
were made of: (a) the presence of water droplets on the lower surface of the speci- 
mens, which might serve to establish a moisture migration through the material by 
capillary action, and (b) the temperature of the liquid in the wet method under steady 
state conditions. 

It seems conceivable that the dry method is an evaluation of permeability due to 
vapor pressure alone, whereas the wet method might be giving a permeability value 
affected by both vapor pressure difference and liquid moisture travel. In this con- 
nection it might be of interest to devise an experiment in which the liquid is on top 
of the sample and a determination is made of the rate of flow of water that oozes 
through the membrane. Whether or not this is feasible I do not know, but it may 
shed some light on whether liquid moisture travel is significant in the permeability 
values obtained by the wet method. 

I am somewhat bothered by the expression of the coefficient of variation as a 
percentage of the mean value. For example, sample 1614 having a mean value of 
0.041 grains and a coefficient of variation of 72.8 percent has a standard deviation 
of only 0.030 grains. On the other hand, sample 1300 having a mean value of 76.615 
grains and a coefficient of variation of 5.1 percent has a standard deviation of 3.91 
grains. It is true that sample 1300 shows a smaller percentage variability than does 


DISCUSSION ON WATER-VAPOR PERMEABILITY OF BUILDING PAPERS, etc. 303 


sample 1614, but the actual standard deviation for sample 1300 is roughly 100 times 
greater than the mean value for sample 1614. The question that arises is whether 
the method of expressing the variability is a fair one. I have no suggestions to 
offer in this connection, but | would appreciate a discussion of the method of present- 
ing variabilities and particularly in connection with the magnitude of probable errors 
of observations. 

The last question that comes to mind is in connection with the air velocities over 
the samples. It would be of interest to know the velocity gradients at the inlet and 
outlet faces of the test chamber from top to bottom. If a noticeable variation exists, 
would there be a possibility of locating a given sample at different elevations in the 
chamber and determining what effects, if any, are caused by differences in air veloci- 
ties over the samples? 

Certainly the avowed intention of the investigators to pursue the investigation 
further should be encouraged. 


A. G. H. Dietz*, Cambridge, Mass. (WritTEN): The authors have carried on a 
much-needed piece of work in determining the permeability of these materials. There 
has been considerable uncertainty respecting the actual behavior of various building 
papers and other sheet materials as vapor barriers, with the consequence that users 
could not be certain of the performance of their installations. This paper helps not 
only to provide a good deal of information, but helps to indicate to what extent the 
A.S.T.M. tentative standard procedure applies and to what extent modifications seem 
desirable. 

The last paragraph of the paper points up a factor of particular significance to the 
user of these materials. More information, and more correlation with service tests 
are needed to determine the limits of validity of the test as a permeability test the 
results of which can be projected to service conditions. It is to be hoped that 
such work will be undertaken. There is so much confusion and difference of opinion 
respecting the value of and the need for vapor barriers that anything which can be 
done to clarify this point will be highly welcome. 


Autuors’ CLosure (L. V. Teesdale)+: The greater permeability or permeance of 
materials tested by the wet method than by the dry method is due, no doubt, to the 
higher permeability of hygroscopic materials at high relative humidities as suggested 
by Professor Joy. We also found, as he suggests, that some condensation would 
collect on the under surface of the samples. In the case of asphalt papers the water 
was colored, indicating some evidence of deliquescence, but the characteristic straight- 
line relationship between vermeability and time indicated that deliquescence was not 
a measurable factor in tiicse tests. 

Those samples having the highest permeance indicated higher permeance in the dry 
test than in the wet test, and this may be attributed primarily to the fact that the 
rapid transfer of vapor through the sample caused a lowering of the humidity on 
the opposite side of the sample. It might be mentioned here that, with the dry test 
method, very frequent weighings were required with samples of high permeance in 
order to obtain transmission values before the desiccant was affected by moisture. 

The object in using the larger pans or dishes for the wet test was to avoid the 
hazard of wetting the sample with surging water. It is difficult to handle the small, 
shallow dishes when they contain water. The use of the sphagnum moss to increase 
evaporation and prevent surging of the water is simple and workable, though other 
methods of accomplishing the same objective may, of course, be used. 

Where the test materials have the highest resistance—as, for example, those having 
aluminum foil surfaces—vapor transfer is probably limited to pin holes, and the num- 
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ber and size of such microscopic openings may vary from sample to sample. This 
could explain the high coefficient of variation for samples having very high resistance 
values. 

Close uniformity of air movement was difficult to attain, and a compromise was 
accepted where the minimum movement was 450 fpm or more and the maximum 
about 550 fpm. The maximum was exceeded by as much as 100 fpm in a few spaces. 
Extra samples were placed in these spaces and the transmission values compared 
with those of samples exposed to the lower air velocities. No measurable differences 
were found, indicating that where the average velocity is 500 fpm there may be con- 
siderable variation in air movement without affecting the transmission rate to a 
measurable degree. 

The coefficient of variation (standard deviation/mean x 100) is a useful statistic 
for expressing variations since it is a ratio of two related averages having the same 
unit of measurement. While, in general, series of means and standard deviation tend 
to change together, unusual variances (s?) usually are shown to be present by the 
coefficient of variations. In the case cited by Professor Konzo, the means of samples 
1300 and 1614 are, respectively, 76.616 and 0.041 and their respective coefficients of 
variation are 5.1 and 72.8 percent. This shows that the relative standard deviation 
of 1300 is considerably smaller, although its mean and standard deviation are larger 
than the same statistics of 1614. Although these tests are limited in number, their 
coefficients of variation express differences in measurements of the sample that are 
not shown by either means or standard deviations. The differences of these samples 
appear to be due to difficulties in measuring the small permeability of sample 1614 that 
were not encountered in the much more permeable sample 1300. Therefore the coeffici- 
ent of variation seems to be the most adequate way of expressing variation in these data. 


We 


No. 1422 


USE OF AIRCRAFT PROPELLERS FOR AXIAL 
FLOW FANS 


By C. Lunpgutst*, Iowa City, anp M. J. HAMILtTony, 
Santa Monica, CALIF. 


IRCRAFT propellers are frequently installed in ducts to be used as axial flow 
fans for moving large quantities of air against low pressures. The usual 
propeller performance curves are obtained from propeller tests in an unconfined 
air stream and are not suitable for predicting the performance of a propeller 
when acting as an axial flow fan. This paper will present results obtained from 
model tests on the performance of aircraft propellers used as axial flow fans 
with particular emphasis on the method of using these results to predict the 
performance of prototype fans of geometrically similar shape. 

Data for two-, three-, and four-bladed propeller fans obtained from scale 
model tests will be presented in dimensionless form. Equations employing con- 
sistent units will be developed using the principle of dimensional analysis. Since 
equations in this form, however, are not commonly employed by the heating and 
ventilating engineer, the equations will be converted to a form incorporating 
conventional units. It will then be shown how the equations and data herein 
presented may be used to select a propeller fan of appropriate size and speed 
for any specified requirement of pressure rise and air capacity. It will also be 
shown how the performance of fans of any size geometrically similar to those 
tested may be predicted for any set of operating conditions. 


ANALYSIS OF PROBLEM 


A preliminary dimensional analysis of the variables involved in the problem 
of determining the performance of aircraft propellers, when used as axial flow 

* Associate Professor in Mechanical Engineering, State University of Iowa. 
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fans, provides useful information relative to the grouping of variables. It will 
be assumed that it is desired to determine the pressure rise produced by the 
propeller and the power required to turn the propeller as functions of the other 
variables involved. The variables that appear to be of importance in this prob- 
lem are: 


fp = pressure rise across the propeller disc, pounds per square foot. 

P = shaft power supplied to the propeller, foot pounds per second. 

V = average axial velocity of flow through the propeller disc, feet per second. 
n = rotating speed of propeller shaft, revolutions per second. 

D = diameter of propeller, feet. 

e@ = mass density of medium flowing through the fan, slugs per cubic foot. 

. = absolute viscosity of medium flowing through the fan, slugs per foot second. 
a = velocity of sound in the medium flowing through the fan, feet per second. 


6 = bladeangle of the propeller blade at a designated radius (in this case taken 
at a radius of 75 percent of the tip radius), degrees (dimensionless). 


The shaft power required for the propeller fan can be expressed symbolically 
as 


According to a theorem commonly employed in dimensional analysis a function 
such as the one expressed by Equation 1 can be reduced to a function involving 
a number of dimensionless terms equal to the number of variables involved 
minus the number of fundamental dimensions. All the quantities in Equation 1 
may be expressed in terms of the three fundamental dimensions of mass, length, 
and time. Hence, the number of dimensionless terms necessary to express the 
relation between the variables will be 8 — 3= 5. Employing the procedures used 
in the theory of dimensional analysis, the following grouping of variables is 


obtained : 

In a similar fashion, the pressure rise across the fan disc may be written as 

which in turn can be reduced to 


Both equations 2 and 4 involve five dimensionless terms, one of which is ex- 
pressed as a function of the other four, and they imply that the value of the 
dependent variable is determined by fixing the values of the four independent 
variables. Furthermore, the value of the dependent variable is not affected by 
a regrouping of values of the terms making up the independent variables so 
long as the numerical values of the groups comprising the independent varia- 
bles are unchanged. 

As an example, suppose V = 50 fps, D= 5 ft and n= 10 rps. Then V/nD 
= 1.0. The value of p/pn?D? obtained experimentally for these conditions could 
be expected to be the same as for a fan geometrically similar in all respects 
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where V = 30 fps, D= 3 ft, n= 10 rps and V/nD=1.0 provided, of course, 
that in both cases the values of puD?/p, nD/a, and B were identical. 

Equations 2 and 4 both contain four independent variables. The experimental 
work which would be required to express either of these functions, by varying 
only one parameter at a time, would therefore be quite tedious. Fortunately it 
can be shown that two of these four variables contribute very little to the value 
of the function and can, in general, be neglected. These two variables are 
pnD?/» and nD/a. 

The term puD?/, is essentially the Reynolds number of flow around the pro- 
peller. The product of nD is proportional to the tip speed of the propeller, V;, 
and hence pnD?/y = pV,.D/p. This latter term may be recognized as the fa- 
miliar Reynolds number. Experience with the effect of Reynolds number for 
flew around airfoils indicates that the value of the coefficients of lift and drag 
are influenced only to a small extent by a change in Reynolds number. In gen- 
eral, the maximum value (the stalling value) of lift coefficient is increased as 
Reynolds number is increased but for low angles of attack the lift coefficient is 
independent of Reynolds number. Also, only the minimum value of drag coeffici- 
ent is influenced by a change in Reynolds number. Since the blade elements of 
a propeller type fan are not operating at either the stalling or the minimum drag 
condition when the fan is operating near peak efficiency, and since the pressure 
rise and the shaft power required are both related to the lift and drag coefficients 
of the propeller elements, it can be concluded that the Reynolds number in this 
case represents a variable of small importance. 

The term nD/a appearing in Equations 2 and 4 is the Mach number. Since 
nD = V ,, the tip velocity, the term nD/a is proportional to V,/a which is the 
ratio of the tip speed of the propeller to the speed of sound. This is a variable 
that is unimportant in this analysis unless it attains a value in excess of from 
0.7 to 0.8. For values of Mach number in excess of this, compressibility effects 
cannot be neglected. For lower values, however, the influence of a variation in 
Mach number has practically no bearing on the fan performance. 

Eliminating the Reynolds number and the Mach number from Equations 2 and 
4 results in : 


where 


Ca 
Cp 


a power coefficient. 
a pressure coefficient. 


Both are dimensionless and are functions of the dimensionless quantities of 
V/nD and Bp. 

The basic equations preparatory to experimental work have now been pre- 
sented. The performance of the fan can be completely determined by obtaining 
the variation of Cg and C, with V/nD, known as the advance-diameter ratio, 
for various constant values of 8, the propeller blade angle. Results obtained 
from model experiments are applicable to larger geometrically similar proto- 
types operating at the same value of V/nD and 8. It should be remembered, 
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however, that this conclusion presumes dissimilarity in Reynolds number and 
Mach number to be of negligible importance. 


EXPERIMENTAL APPARATUS 


A schematic diagram of the test apparatus is shown in Fig. 1. A model air- 
plane propeller 2434 in. in diameter was mounted on a drive shaft in a duct 
25 in. in diameter as shown. The propeller shaft was supported in bearings 
suspended by three radial rods or spokes anchored to the periphery of the fan 
casing. Tests were made on propellers having two, three, and four blades. In 
all cases, the propeller hub was not faired nor were stationary guide vanes 
installed. 

A honeycomb straightener was installed in the duct six diameters downstream 
from the propeller. Pitot tube traverses, both horizontal and vertical, were 
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Fic. 1. ScHEMATIC DIAGRAM OF TEST EQUIPMENT 


made at a point 744 diameters downstream from the propeller. The average 
static pressure obtained at the traversing station was corrected to obtain the 
static pressure at the fan outlet by the methods recommended by the standard 
fan test code.! 

The power input to the propeller fan was obtained by measuring the shaft 
speed and the shaft torque with the torque meter indicated in Fig. 1. This 
torque meter included a long, slender torque rod enclosed in a double barrelled 
casing. The outer cylindrical casing was mounted concentrically with the inner 
casing on ball bearings. The two casings were then restrained from rotating 
with respect to one another by the long torque rod. The application of torque 
would cause an angular deflection of the one casing with respect to the other, 
the torque being absorbed by the torque rod. When the fan was in operation 
the angular deflection was observed with a stroboscope. Since the torque meter 
was calibrated, this angular deflection could be translated into torque. The 
torque required to turn the propeller shaft without the propeller was measured 
at various speeds. This tare torque was subtracted for subsequent propeller 
tests to obtain the net torque required for rotation of the propeller. 

The model propeller blades used in this investigation had the geometry of a 
typical aircraft propeller. The propeller shape is defined by the parameters given 


1 Standard Test Code for Centrifugal and Axial Fans (A.S.H.V.E. and the National Association 
of Fan Manufacturers, N.A.F.M. Bulletin No. 103). 
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in Fig. 2 in terms of the pitch-diameter ratio u/D, the blade width-diameter 
ratio b/D, and the maximum thickness-blade width ratio h/b. This nomencla- 
ture will be clarified by reference to Fig. 3. 

The RAF-6 airfoil section was chosen as the basic section because its flat 
bottomed surface facilitated construction and pitch measurement, and because 
of its past application to propellers. As will be noted from Fig. 2, the propeller 
blades were designed so the pitch-diameter ratio 1/D would be constant over 


B 
412 48 12 35° 
40 40 10 30° 
08 .32 \ 25° 
u 
20° 


04 16 15° 
— 
02 .08 10° 
fe) 02 04 06 08 10 


T/p 


Fic. 2. PARAMETERS DEFINING PROPELLER BLADE 
GEOMETRY 


most of the propeller blade when the blade angle was set at 15 deg at the radius 
r/R=0.75. 


The propeller blades used were mounted in the hub so the blade could be set 
at any blade angle desired. It is apparent that if the entire blade were rotated 
on its own axis, the blade angle would be changed by the same amount along 
the entire radius. Hence, for any blade setting other than the one for which 
Fig. 2 is drawn (8=15 deg at r/R=0.75) the distribution of u/D with 
respect to r/R would change. Subsequently, when blade angle is referred to, 
it is the propeller blade angle at the radius r/R = 0.75 and will be designated 
by 
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ANALYSIS OF RESULTS 


Tests were run with two-, three-, and four-bladed propellers at blade angles 
varying from 714 to 20 deg by 24% deg increments. Enough measurements were 
taken for each test so that the air density, the fan rotating speed, the shaft 
power input to the fan, the static pressure at the fan outlet, the velocity pressure 
at the fan outlet and the air velocity at the fan outlet could be determined. For 
each propeller (two, three, or four blades) and for each blade angle, tests were 
run using several orifices of different diameters installed on the outlet end of 
the duct shown in Fig. 1. In this manner it was possible to obtain values of 
Cg and C, for a range of values of V/nD. 


Performance charts giving the results of these tests are shown in Figs. 4 to 9 
inclusive. In Figs. 4 to 6 inclusive the static pressure coefficient, C,,, is plotted 


PLANE OF 
ROTATION 
SECTION A-A 


Fic. 3. PropeLLeER BLADE DETAILS 


as a function of V/nD and . The static pressure coefficient is defined by 


where /, is the static pressure increase in pounds per square foot through the 
fan and all other terms are as previously defined. The total pressure coefficient, 
Cyt, is plotted as a function of V/nD and £ in Figs. 7 to 9 inclusive. This 
coefficient is defined as 


where /, is the total pressure rise through the fan in pounds per square foot. 
The total pressure is defined as the sum of the static pressure increase through 
the fan and the average velocity pressure at the fan outlet. 


Equations 7 and 8 have the same form as Equation 6. It should be evident 
from the development of Equation 6 that the equation is valid using either 
static pressure or total pressure. 

The power coefficient Cg is not shown in Figs. 4 to 9, but rather fan efficiency 
contours are plotted. Fan efficiency is defined as the ratio of the fluid power to 
the shaft power and may be expressed by 
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where 
A =the fan outlet area in square feet. 


Substituting values of P and p from Equations 5 and 6 this equation becomes 


Ca nD 


Cp (xD?/4) 
Ca 4 


Equation 10 may be used to define either static efficiency (y,) or the total 
efficiency (,) depending on whether the pressure coefficient is Cy, or Cy. 
Lines of constant efficiency, or efficiency contours, are shown in Figs. 4 to 9. 
These lines represent static efficiency y, in Figs. 4 to 6 and total efficiency 
nt in Figs. 7 to 9. 

The shaft power in foot pounds per second may be computed from Equations 
5 and 10. From Equation 10 


ay 
Substituting this in Equation 5 gives 
-7& V 395 
(12) 


It should be noted that C,./n;=Cy:/m: for a fan having a given number of 
blades operating at specified values of blade angle and V/nD. Hence, Equation 
12 may be employed using either the static or the total pressure coefficient so 
long as the corresponding efficiency is used. 

It was previously pointed out that the test results obtained from model tests 
might be expected to apply to geometrically similar prototypes. Therefore, it 
may be expected that the performance charts shown in Figs. 4 to 9 may be 
applied in the selection of aircraft propellers of similar shapes for use as fans. 
In these figures, curves for blade angle increments of 1 deg are plotted. These 
were obtained by a system of cross-plotting the experimental data which were 
obtained for blade angle increments of 214 deg. 


Use oF PERFORMANCE CHARTS 


In the application of a fan to a duct system the pressure the fan must produce 
is a function of the air velocity and the geometry of the duct system. For the 
system in which the air is not recirculated the fan must supply the energy to 
produce the velocity pressure as well as the pressure loss due to friction. The 
total pressure rise, p,, required of the fan, then, must be given by 


The friction factor f is, in general, a function of the Reynolds number of the 
flow through the duct system. A commonly used value of f for flow through 
galvanized sheet metal duct work is 0.02 although this coefficient does vary 
somewhat with Reynolds number and with surface roughness of the duct. L is 
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the length of straight duct of diameter D in which the same friction loss would 
be produced as in the actual duct system. 

For the purpose of convenience, a pressure drop coefficient K is now intro- 
duced and will be defined for a non-recirculating system as 


This coefficient K is fixed if the fan diameter D and the rate of airflow through 
the given duct system are specified. 
Substituting the value of p, from Equation 13 in Equation 8 gives 


_ Kp K 
(15) 


where J=V/nD. Since Figs. 7 to 9 inclusive are log-log plots of C,, vs. J 
it is apparent that Equation 15 would appear as a straight line on these charts 
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for given values of K. Several such lines are plotted on these charts for vari- 
ous values of K. 

As a first step in the selection of a propeller to be used as a fan in a non- 
recirculating system, a tentative diameter can be chosen. Assuming that the 
flow rate is known, the L/D ratio for the system can be estimated by conven- 
tional methods of calculating friction loss in ducts. An average value of f, such 
as 0.02, may be assumed or if more precision is desired f may be evaluated taking 
into account the Reynolds number of flow and the inside surface condition of 
the duct system. In any event, once L/D and f are decided upon, the value of 
K is fixed. This value of K can be followed along the family of constant K 
lines on Figs. 7, 8 or 9 to the point of maximum efficiency. The point thus 
determined will fix the values of V/nD, C,, and blade angle. The fan speed n 
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may be calculated from the V/nD value since with the diameter previously 
decided upon the average velocity of flow V through the fan would be fixed for 
the given rate of air flow. With this value of n, then, and the values of C,, and 
total efficiency read from the chart, the shaft power may be calculated from 
Equation 12. At this point it can be determined whether two, three, or four 
blades give the most advantageous values of fan speed and power required for 
the tentative propeller diameter selected. This procedure may be repeated for 
other assumed propeller diameters so that the most practical selection may 
be made. 
For the purpose of clarifying this procedure, an example will be given. 


Example 1: Suppose it is required that a fan supply 100,000 cfm of air at 70 F and 
a barometric pressure of 29.92 in. of mercury to a duct system of certain specified pro- 
portions and length. The system is to be non-recirculating. 


Solution: A propeller diameter of 8 ft will be tentatively chosen. On this basis 
suppose the equivalent length of the duct system is equal to 50 fan diameters. This 
means that the friction loss through the duct system has been determined to be the 
same as the loss through a straight pipe 8 ft in diameter and 50 diameters long or 
400 ft in this case. Therefore, L/D = 50. Assuming that the friction factor is f= 
0.02, the value of the pressure drop coefficient from Equation 14 is K = 1+ 0.02 (50) 
= 2.0. 

At this point it is not known whether to use a two-, three-, or four-bladed propeller, 
but a two-bladed propeller will be tentatively selected. From Fig. 7. it is estimated 
that the maximum total efficiency attainable for K = 2 is 70 percent. This occurs for 
a value of V/nD = 0.30, Cy: = 0.09, and B= 14 deg. Since 100,000 cfm must pass 
through the 8 ft diameter fan, the average velocity through the fan must be V =4 
(100,000) /w (8)2 (60) = 33.2 fps. Since V/nD = 0.30, n = V/0.3D = 33.2/(0.3) (8) = 
13.8 rps. 

The mass density of air is the weight density divided by the acceleration of gravity. 
For the stated condition of temperature and barometric pressure the weight density 
of air is 0.075 lb per cu ft and therefore the mass density is p = 0.075/32.2 = 0.00233 
slugs per cu ft. The shaft power may be calculated by using Equation 12 which gives 
P= (m/4) (0.09/0.70) (0.3) (0.00233) (13.8)3 (8)5 = 6070 ft-lb per sec or a horse- 
power of 6070/550 = 11.0 hp. If the rotating speed of 13.8 rps is satisfactory for the 
power drive available for this example, further trial selections need not be made. 


The rating point selected on the curve for K = 2, however, could be moved 
up or down on the curve without appreciably changing the efficiency. The loca- 
tion of the point selected would affect the fan speed as just calculated. If a 
speed appreciably below 13.8 rps were desired, the preceding calculation could 
be repeated using the curves for three or four blades. If this still did not yield 
a desirable speed it would be necessary to repeat these calculations using a 
different fan diameter. 

In many cases for fan selection the air capacity in cubic feet per minute and 
the static pressure in inches of water against which this air must be moved are 
the initially known quantities. The conversion factor to convert pressure H in 
inches of water to pressure p in pounds per square foot is given by the following 
equation : 
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If d is used to denote air density in pounds per cubic foot and g the acceleration 
of gravity in feet per (second) (second), 


then 
The quantity pV?/2 appearing in Equation 13 becomes 
v2 dV? 
Now if Equation 13 is divided by the factor 5.2 it becomes 
te +i (19) 
which reduces to 


where H, and H, are now total and velocity pressures respectively in inches of 
water. Since by definition H, = H,-+H, where H, is static pressure in inches 
of water, it follows from Equation 20 that 


L 
or rearranging 
L_ _ (2)(5.2)H.g _ 335 H, 


In this equation V is the velocity through the fan in feet per second and its 
value depends on the fan diameter chosen. In the selection of a fan, however, 
a tentative diameter may be selected and the value of V computed corresponding 
to the required fan capacity. Then for the required static pressure the quantity 
f(L/D) may be obtained from Equation 22 and substituted in Equation 14. 
From this point the calculations would proceed as illustrated in the example 
presented previously. 

If a fan is installed in a duct system in which the air is recirculated through 
the fan, the fan is required to overcome only the friction loss in the system 
since the kinetic energy of flow is not dissipated. For this case Equation 13 
reduces to 


L eV? e 
(23) 


where 
ps = static pressure loss in the system. 


K, the friction drop coefficient, is now defined as 


This definition of K is applied to Figs. 4 to 6 inclusive. If the static pressure 
in inches of water against which the fan must operate is known, the value of 


| 


318 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


f(L/D) may be calculated from Equation 22. This also is the value of K for 
the recirculating fan as is evident from Equation 24. 

The method of determining the number of propeller blades, the blade angle, 
the propeller rotating speed, and the shaft power for a given propeller diameter 
and rate of air flow for the case of the recirculating system is identical with 
that employed for the non-recirculating system. For the recirculating system, 
of course, K is defined by Equation 24 and Figs. 4 to 6 must be used. 

The dimensionless equations presented in this paper are not commonly em- 
ployed in fan engineering and it may be of benefit to multiply some of them by 
suitable constants so the terms used may be expressed in conventional units. 


Equations 7 and 8 may be rewritten as 


603000 
Cps = “drpm)? . (25) 
603000 
where 
(rpm) = fan speed, revolutions per minute. 
H, = static pressure, inches of water. 
H, = total pressure, inches of water. 
d = density of air, pounds per cubic foot. 
D = fan diameter, feet. 
Equation 12 may be expressed as 
(bhp) = 2.62 x 10-» ( ) (rpm)? (27) 
if static pressure and static efficiency are used or as 
(bhp) = 2.62 10-° (rpm (28) 


if total pressure and total efficiency are used. In these equations (bhp) is brake 
horsepower supplied to the fan and Q is the air flow through the fan in cubic 
feet per minute. 
Another useful conversion equation is 
V 1.275 Q 


where V is velocity through the fan in feet per second and m is fan rotating 
speed in revolutions per second. The other quantities are as defined in previous 
paragraphs. 

Another example will now be worked out to indicate how the performance of 
a propeller fan geometrically similar to those tested may be predicted. 


Example 2: Suppose a three-bladed propeller 9 ft in diameter running at 1000 rpm 
is required to deliver 114,000 cfm against a static pressure of 1.05 in. of water. The 
air delivered is to be recirculated through the fan. Atmospheric air density is 0.075 Ib 
per cu ft. 

Solution: From Equation 25, Cps = (603000) (1.05)/ (0.075) (1000)2 (9)2 = 0.104. 
From Equation 29, V/nD = 1.275 (114000)/1000 (9)3 = 0.20. From Fig. 5 using 
these values of Cys and ’/nD, it can be seen that the blade angle must be 11 deg 


i 


DiscussION ON AIRCRAFT PROPELLERS FOR AXIAL FLow Fans 319 


and the static efficiency will be 55 percent. Finally, using Equation 27, the brake 
horsepower is computed to be bhp = 2.62 X 10-19 (0.104/0.55) (1000)2 (9)2 (114000) 
(0.075) = 34.4. 


CoNCLUSIONS 


The data presented in this paper are applicable to two-, three-, and four-bladed 
propellers having the geometrical shape defined in Fig. 2 when operating as axial 
flow fans. These data are limited to the case of a propeller mounted in a round 
duct without hub fairing or guide vanes. 

Examples have been worked out showing how a propeller may be selected 
for a specified air capacity and pressure rise. It was also shown how the blade 
angle setting and the horsepower required for a specific set of operating con- 
ditions could be determined. 

The results of these model tests can be expected to be applicable to prototype 
fans so long as the tip speeds do not exceed 39\/T fps where T is the air 
temperature in Rankine degrees. This corresponds to a tip Mach number of 
0.8. In making this statement it is assumed that the effect of variation of the 
Reynolds number of flow around the propeller blades has a negligible effect on 
fan performance. It is believed that this is a safe assumption, particularly in 
the region of operation near maximum fan efficiency. 

It is suggested that the methods used in this investigation might be employed 
whenever the performance of any fan might be required and it is not feasible to 
test the prototype. Tests could be conducted on a geometrically similar model 
and the results presented in the form given in this paper. This would serve as 
a basis for predicting the performance of the prototype fan. 


DISCUSSION 


A. E. Crigui, Buffalo, N. Y. (Written) : The authors have demonstrated a useful 
method of plotting fan performance data in dimensionless form. They are wise in 
showing the method for use both for static pressure and for total pressure. 

Especially for low pressure coefficient fans such as they discuss, the difference 
between these two pressures (which is the velocity pressure) is an important factor. 
The velocity should fit the needs of the installation. If fans of different outlet size 
(therefore different velocity) are to be compared, the performance which results 
after transforming the outlet area to the duct area should be used. 

These problems do not appear in the paper, because the fan size and the duct size 
are always identical. 

For the second determination of a fan size it is useful to use the relation of the 
pressure and velocity coefficients to diameter. 


1 V 1 
These are Cyt varies as Di’ np Vatiesas 


The effect of size change could thus be plotted across the chart and be helpful in 
determining a new diameter. 


AutHors’ Ciosure (E. C. Lunpguist): The pressure drop coefficient K given in 
Equations 14 or 24 defines the frictional characteristics of the duct system in terms 
of the equivalent length diameter ratio of the system based on the fan diameter. In 
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case the fan outlet is of a diameter different than that of the fan itself, the equivalent 
value of f(L/D) can still be determined, since from Equation 22, f(L/D) = H,/Hy. 
In this case, of course, it must be understood that Hy is the average velocity pressure 
at the fan section itself, and not at the fan outlet; and H, is the static pressure rise 
required across the fan stage only. Thus, any losses entailed in the transformation 
from the fan diameter to the fan outlet diameter are included in H, as part of the total 
static pressure losses in the duct system. 

In answer to Mr. Criqui’s comment on this point, the investigation described in 
this paper was not extended to cover the cases for outlet diameters different than 
the fan diameter. Curves similar to those plotted in Figs. 4 to 9, based on the 
velocity at the fan outlet, and with the value of K in Equations 14 and 24 based on 
the fan outlet diameter, could be reconstructed for various ratios of fan outlet to 
fan diameter if suitable assumptions regarding the losses in the diffuser sections 
could be made. In the absence of test data for various ratios of fan outlet diameter 
to fan diameter however, it is believed that satisfactory results can be obtained by 
using Figs. 4 to 9 just as they appear and considering the outlet diffuser on the fan 
as part of the external duct system. 
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No. 1423 


ROOF SPRAY FOR REDUCTION IN TRANSMITTED 
SOLAR RADIATION 


By G. E. Sutron,* GAINESVILLE, FLA. 


HE UTILIZATION of solar energy! has been given much study at the Uni- 

versity of Florida and other institutions. In Florida the solar radiation incident 
on a horizontal surface may be as much as 2300 Btu per (sq ft of surface) 
(day). This is nearly the heat equivalent of one horsepower-hour, or about 
two-thirds of the equivalent of one kilowatt-hour. If the heat received is visual- 
ized for an area of 1000 sq ft, the value of utilizing this energy is obvious. 

There are cases, however, where this energy produces undesirable results. 
For instance, 320 Btu per sq ft per hr incident energy on an asphalt-slag roof 
will produce a surface temperature of about 150 F. It is obvious that, with an 
inside air temperature of 90 F or less, considerable heat transfer would take 
place, especially if the roof were of light construction. 

This heat in conjunction with heat transfer through walls, windows, and other 
surfaces may serve to increase the temperature within the space to undesirably 
high values. In the case of warehouses, certain goods may deteriorate at such 
high temperatures. In airconditioned buildings, this heat may form a substantial 
part of the cooling load. 

Any means which reduces the surface temperature will reduce the transfer of 
heat into the space correspondingly. One of the means used has been the placing 
of permanent pools of water on the roof?-5. Date storage buildings in California 
have been built with direct expansion or cold water coils on the roof. In some 
cases, refrigeration coils have been placed just under the roof but in such installa- 
tions the difference in temperature between the top and bottom of the roof 
creates serious thermal stresses. While insulation serves to reduce the heat flow 
by increasing thermal resistance, rather than reducing the surface temperature, 
it causes higher surface temperatures which have a deteriorating effect upon the 
durability of asphalt roofing, due to such effects as swelling, blistering, and 
vaporization of the volatile oils*. Upon the occurrence of thunderstorms, quite 


* Assistant in Research, Mechanical Engineering Department, Engineering and Industrial Experiment 
Station, University of Florida. 


1 Exponent numerals refer to References. 
Presented at the 57th Annual Meeting of THe American Society or HeatiNG AND VENTILATING 
Enotneers. Philadelphia, Pa., January 1951. 
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prevalent in Florida, the sudden cooling of the roof creates a serious thermal 
shock. 

Experimenters at the University of Texas? have found that pools of water 
two inches and six inches in depth would maintain a surface temperature of 
108 F and 103 F respectively. One disadvantage of waterpools is the structural 
difficulties involved in supporting the water, especially on large, flat buildings. 
The large quantity of heat stored in the water is also a disadvantage since a 
considerable part of it is transferred into the building in the late evening. Stag- 
nant pools of water also present ideal locations for mosquito breeding, and for 
growth of algae5. The simplicity of pool systems is also reduced by the need 
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Fic. 1. Isometric View or Roors AND Roor SPRAY 
INSTALLATION 


for changing the water at regular intervals or for chemical treatment of the 
water. 

The object of the experiment covered by this report was to determine the 
feasibility of using a roof spray as an economical means of reducing transmitted 
solar energy, and to determine factors affecting the design of a roof spray 
system. 


APPARATUS 


Fig. 1 is an isometric sketch of the building and the spray installation. The 
two roofs designated by A and B were of identical construction of the type 
shown in cross section in Fig. 2. The two sections of the building house two 
portions of a machine shop, and are connected by a doorway. The slopes of 
the roofs are about one-half inch per foot, so slight that the roofs may be con- 
sidered flat without serious error. Fig. 3 shows the sprays in operation. 

The sprays were originally of the four-nozzle rotating-lawn type, having fixed 
nozzles of four different types for uniform coverage. These sprays were re- 
placed with the adjustable two-nozzle rotating type which could be adjusted for 
throw and fineness of spray. The throw was set at about 18 ft with medium 
spray. The approximate coverage is shown by the dotted circles on Fig. 1. 
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Control of the system was based upon a sub-surface temperature. The control 
valve shown is an electric motorized type controiled by a temperature controller 
with the bulb placed as shown in Fig. 1. This bulb is buried under about ¥ in. 
of asphalt and approximately 44 in. of slag. The bulb was placed thus in order 
to prevent frequent cycling of the system. If it were placed in view of the sun, 
it would dry much more rapidly than the roof, and would start the spray system 
before the roof had again reached the control temperature. This would result 
in considerable wastage of water, and very little added cooling. A slight time 
lag was expected due to the resistance to heat flow of the asphalt, but more 
positive control was expected. 

The water meter was of the dial type, commonly used in city water systems. 
It was calibrated and found to be accurate within less than one percent at the 
flows required by the system. 


A- 8"Xi0" WOOD FRAMING 

8-2" WOOD SHEATHING (PINE) 
C-2 PLY ASPHALT ROLL ROOFING 
O-ASPHALT AND SLAG (ABT. |/2") 


Fic. 2. Cross SECTION oF Roors 
UseEp 1n TESTS 


A continuous record of incident solar energy was made possible by use of 
a single point (curve drawing) recorder. 

Ten temperatures were measured and recorded by a ten-point temperature 
recorder as follows: Outside air dry bulb, outside air wet bulb, spray water, 
sprayed roof surface, unsprayed roof surface, ambient at control bulb, ceiling 
surface under sprayed roof, air at 6 and 12 in. below the ceiling under the 
sprayed roof and at the breathing line (five feet from floor). 

The rate of heat flow through the two roofs, and the surface temperatures of 
each ceiling, were measured by heat meters. The meters consisted of plastic 
plates containing an iron-constantan thermocouple and a multi-junction thermo- 
pile. They were used in conjunction with a portable potentiometer. A selector 
switch arrangement was made in order to facilitate readings, since copper leads 
were used with the thermopiles, and iron and constantan leads with a cold junc- 
tion were required for the thermocouple. 

A continuous record of spray operation was obtained from a rebuilt time- 
temperature recorder in which the recording pen was actuated by a solenoid, 
rather than a pressure-temperature element. A mercury switch installed on the 
actuating arm of.the control valve operated the solenoid, recording the time 
when the sprays were turned on and off. 


PROCEDURE AND RESULTS 


Control Temperature. Control of the system was based upon a sub-surface 
temperature as previously stated. Data were collected at control settings of 95, 
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100 and 105 F. Results obtained at 95 F indicated that attempts to maintain 
any lower temperatures would be useless on clear days. Inclement weather was 
encountered before any temperatures higher than 105 F could be investigated. 

As in most phases of engineering design, maximum conditions in this case 
should be considered. These would occur when there was no cloudiness, and 
on a day during the months of maximum solar radiation, June, July, August, 
and early September. The occurrence of an absolutely clear day during summer 
in Florida appears highly unlikely. However, the data collected on the days 
which approached nearest to this condition during each run were used in con- 
structing Figs. 4, 5, and 6. August 8, 1949, was the nearest to an absolutely 
clear day encountered. For this reason heat flow and other data were obtained 
until the heat flow through the unsprayed roof returned to a value of zero. 

Study of this heat transfer curve from a mathematical viewpoint shows the 
curve to resemble one wave of the sine curve (a plot of the equation Y=k 
sin X). An empirical equation which very nearly fits the curve (disregarding 
the dip occurring at about 14:007), is as follows: 


q = 183 sin 9.5) 


where: 
q = heat flow, Btu per (hour) (square foot). 
t = time (24 hour system), hours. 

Fig. 7 shows a comparison of the curve obtained by this equation and the 
curve plotted from test data. Further use of this equation (modified) is dis- 
cussed in the Appendix. 

The heat transfer curve will be symmetrical about a time axis at 15:30. Obser- 
vation will show that the curves of heat transfer through both sprayed and dry 
roofs are approximately symmetrical at this same time. Analysis of the sine 
curve will show hai: the area to be on each side of this vertical line. Integra- 
tion of the observed curves to a time of 15:30 and multiplication by 2 should 
give the total heat flow for a particular day. 

By using these considerations, the various days may be compared. The sum- 
mary of the data from Figs. 4, 5, and 6 is given in Table 1, the heat flow being 
derived in the manner outlined. 

The ratio of heat flow through the dry roof to that through the sprayed roof 
for control temperatures of 95, 100 and 105 F was 4.09, 6.3 and 3.98, respectively. 


TaBLE 1—SuMMARY OF TEsT DaTA FroM Fics. 4, 5 AND 6 


FIGURE Temp. | ToTAL DaILy INwarD HEAT FLow WatTER USED 
No. CONTROL INCIDENT SOLAR Bru/Sq Fr GaL/SeQ Fr 
SETTING RADIATION 
| Bru/SQ FT SPRAYED UNSPRAYED 
RooFr Roor 
4 95 2162 34 139.2 0.919 
5 100 2180 22 138.8 0.485 
6 105 1842 30 119.4 0.141 


+ 24 hr time system. This system was used to great advantage and convenience by the armed forces 
during World War II, during which the author became quite familiar with it. It is deemed much more 
convenient, especially in mathematical relationships, than the 12-hr system. The time used was 
Eastern Standard Time. Sun time is approximately 24 min earlier than Eastern Standard during July. 
This varies from 44 to 12 min, the maximum occurring during February, and the minimum 
during October. 
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A comparison of these data show an apparently lower efficiency at the 95 F 
control temperature. This will be explained under the discussion of Water 
Requirements. 

Effect of Buried Control Bulb. A time lag of about 20 to 30 min was observed 
due to the covering of the control bulb with materials resistant to heat flow. 
This was noticed only on the first operation of the day. (See Figs. 4, 5, and 6, 
observing the initial rise of the sprayed surface to a temperature higher than 
the control setting.) During the rest of the day a difference in temperature 


Fic. 3. View oF Roor Sprays IN OPERATION 


between the surface and that of the material adjacent to the control bulb of 
more than two degrees was seldom encountered. 

Water Requirements. An attempt was made to evaluate the relation between 
total solar radiation incidence and the amount of water used. A plot of this 
relation gives a wide variation of values, the correct curve for which is difficult 
to determine and consequently any plot of this curve would prove unreliable. 

It may be observed from Figs. 4, 5, and 6 that the value of incident solar 
energy required to produce the various control temperatures appear to be as 
follows: 95 F= 190 Btu per (hr) (sq ft); 100 F= 200 Btu per (hr) (sq ft); 
and 105 F = 210 Btu per (hr) (sq ft). Mathematical analysis will show, how- 
ever, that when the air temperature is 93 F, only slightly over one Btu per (hr) 
(sq ft) is required to produce a surface temperature of 95 F; and only about 
three Btu per (hr) (sq ft) are required to produce a surface temperature of 
100 F. The amount of solar radiation occurring during the morning will then 
affect the rapidity with which the roof reaches a given temperature and will 
directly affect the amount of water consumption. The amount of solar radiation 
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during the rest of the day will govern the amount of, heat to be dissipated. It 
may be concluded that, the nearer the solar radiation curve approaches the 
maximum curve, the more water will be required. 

Insufficient data are available on solar radiation and cloudiness to determine 
whether or not the 1949 summer season was an average season. Therefore, no 
comparisons may be drawn for estimated water consumption on that basis. In 
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Fic. 8. HEAT TRANSFER 
BY CONVECTION AND RADIATION FROM 
PAINTED SURFACES TO AIR 


Fic. 7. COMPARISON OF OBSERVED 
VaLuEsS OF HEAT TRANSFER WITH 
VALUES CALCULATED FROM 
EguaTION 1 


this installation, the 2400 sq ft of roof required 85,767 gal of water between 
May 20, 1949, and September 30, 1949, or about 35.7 gal per sq ft. 

Assuming that the evaporation of the water dissipated all the incident solar 
energy, the efficiencies (the ratio of this solar energy to the energy required for 
evaporation of the water) of the three runs based on all the data are 25.5, 48.9 
and nearly 100 percent at control temperatures of 95, 100 and 105 F respectively. 
During the operation at the various temperatures differing spray conditions were 
observed. During the 95 F run considerable water remained pooled on the roof, 
and considerable runoff was observed. This would appear to show that most of 
the reduction in heat was due to warming of the water, and not to evaporation. 
During the 100 F run a slight amount of water ran off, and the roof remained 
only quite damp. During the 105 run, the roof remained fairly damp, and the 
runoff was extremely slight, just sufficient to show an abundance of water being 
supplied. These and other data, lead to the conclusion that the coverage of spray 
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was too heavy.*-? A somewhat finer spray has been recommended, but should 
not be so fine as to be a mist. A mist would allow too much evaporation in 
the air prior to impinging on the roof. A high wind drift loss would occur 
thereby decreasing efficiency and creating a possible nuisance. Finer sprays 
would require less water for operation and greater efficiency should be expected. 

If each of the 150 days between May 1 and September 28 were to be clear, 
with an average incident solar energy of 2200 Btu per (sq ft) (day), 40 gal 


CONTROL VALVE & 
TEMP d 


Fic. 9. Layout oF Spray SYSTEM 
FOR Mep1IuM-S1zeED Roor Usinc HALrF- 
AND SPRAYS 


of water evaporated at 100 percent efficiency would suffice to dissipate all of the 
solar energy for one square foot. Since the efficiency does not reach 100 per- 
cent, and since, conversely, each day is not clear, the conclusion is that the value 
of 40 gal per (sq ft) (season) is sufficiently high for a safe design figure. 

Effect on Temperatures in the Space. The two roofs used for comparison 
were adjacent portions of a machine shop, connected by a doorway. Both spaces 
were well ventilated during working hours. The average air velocity adjacent 
to the ceiling was 100 fpm. 
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A decided cooling effect was noticed on the air above the roof, with some of 
this air spilling over the edges. During the time the sprays were in operation, 
and even with the roof wet, a decrease in air temperature of two to five degrees 
was recorded by the dry bulb thermometer in the psychrometer placed on the 
west wall of the sprayed building. This cooled air was utilized to some extent 
by the ventilation of the spaces. 

No difference was noticeable at any time in the wet bulb temperatures in the 
two spaces. During the time when the spaces were well ventilated, no difference 
was noticeable in the dry bulb temperature. Observations on a day when the 
space was closed showed a temperature difference of slightly more than one 
degree Fahrenheit in the dry bulb temperature. Despite the low temperature 
differential between the two spaces a considerable difference in comfort existed. 
On a day when the air temperature was 93 F dry bulb and 78 F wet bulb, and 
the space ventilated, the space under the sprayed roof was reasonably com- 
fortable. In the other space, exposed parts of the body such as face and arms 
felt decidedly hot and uncomfortable in spite of the air movement. The effective 
temperature (ET) for a dry bulb temperature of 93 F and a wet bulb of 78 F, 
with an air movement of 100 fpm, is 83 ET.8 The elevation of effective tem- 
perature for an increase in mean radiant temperature is approximately in the 
ratio of one to three. With a ceiling surface of 108 F, the elevation in effective 
temperature would approach five degrees. An effective temperature of 88 ET 
with 100 fpm air velocity and 78 F wet bulb would be equivalent to a dry bulb 
temperature of about 112 F. Since the walls are at a lower temperature than 
the ceiling, the mean radiant temperature is actually somewhat lower than 108 F, 
but the parts of the body which can be seen by the ceiling will be subject to 
the radiant effect. In a closed space, the effective temperature is slightly higher 
due to the lesser air movement. 

Fig. 8 shows the heat transfer from a painted surface (emissivity of 0.90) 
at various temperatures to air at 85 and 90 F for air movements of 100 fpm 
and for natural convection. This is combined radiation and convection. The 
amount of heat transferred by radiation is dependent only upon the temperature 
differential between the surface and the air. The convected heat depends upon 
both the temperature differential and upon the velocity of the air. Therefore, 
the heat transferred with the 100 fpm movement is considerabiy higher than 
with only natural convection. 


DESIGN OF SPRAY JNSTALLATIONS 


The most important features of the spray installation are the sprays and the 
spray control. A wide variety of spray heads is available. Fixed sprays, with 
heads giving full-, three-quarter-, half- and quarter-circle coverage with from 
7- to 18-ft radius, having a great variety of elevation and fineness, are available. 
These should require less maintenance than rotating type sprays, provided the 
system is safeguarded against fouling by the use of strainers. Fig. 9 shows a 
typical layout of a spray system for a flat roof, using full- and half-circle sprays. 

Sloping or gabled roofs may, in some cases, be more easily sprayed by per- 
forated pipes. Fig. 10 shows an installation utilizing this form of spray. In 
large installations of this type, especially where the orientation of the building 
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is such that the gable runs north and south, control of each slope separately and 
the use of two pipes at the crest may prove more economical. 

For small installations (one or two sprays), the ordinary lawn spray of the 
rotating type will be easier and more economical to install. These, too, are 
available in a wide variety. 

In any type of installation, the system can only operate econemically if it is 
thermostatically controlled. Many varieties of required devices such as motor- 
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Fic. 10. Layout or Spray SystTEM FoR PiTcHED Roor UsING 
PERFORATED PIPFS 


ized valves, solenoid valves, and temperature controllers are available and ,can 
be arranged to best suit the individual installation. In most cases, electrical con- 
trols can be conveniently used or, where electricity is undesirable or unavailable, 
pneumatic controls may be used. For very large roofs zone control should be 
used. It is recommended that the piping be of brass or copper to prevent cor- 
rosion. This is especially important if any other than city water is to be used. 


CONCLUSIONS 


The following conclusions may be drawn from this investigation: 

1. A roof spray of the rotating type can be made to maintain a surface temperature 
of about 100 F on a roof which would normally have a surface temperature of 150 F 
during the conditions of maximum incident solar energy. 

2. The higher the surface temperature that may be tolerated, the more efficiently 
will the spray system operate, since more of the evaporative effect may be utilized. 

3. Sprays are more effective than pooled water for cooling roofs. 

4. Temperatures and comfort conditions within a space below a sprayed roof are 
desirably affected by spraying. 

5. Some reduction in surface temperature of the walls of the building is produced 
by the spillage of cooled air from the roof. 

6. Spray water has a preservative effect on asphalt types of roofing by reducing 
temperature change and lowering surface temperatures. There is, consequently, less 
thermal stress, less vaporization of volatile oils than for unsprayed roofs and there is 
no thermal shock from sudden thunderstorms. 
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7. Addition of insulation will decrease heat transmission, but will cause an increase 
in surface temperature, thus adding a deteriorating effect to some types of roofing. 

8. Installation of sprays on conditioned buildings may serve to reduce the required 
refrigeration capacity, and thus present a saving in the cost of materials and 
installation. 

9. The spray system, though simple in design, presents an efficient and economical 
means of reducing the effects of incident solar energy on roofs. 
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APPENDIX 


Use oF AN EmprricAt EQuATION To Prepict HEAT TuHrouGH 
Various Types oF Roors 


Two characteristics of materials affect the transfer of heat through different 
materials subjected to the same temperature differential. These are thermal conduc- 
tivity, or ability to conduct heat; and thermal diffusivity, or the ability to diffuse 
heat within the material itself. Both affect the amount of heat transferred and the 
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time lag between the time the temperature differential is applied and the time when 
heat actually begins to flow out of the material on the cooler side. In the case of 
periodic heat flow, that is, heat flow for conditions where the variations in temperature 
follow identical cycles the period of the cycle affects the amount of heat transferred. 
Three factors affect the heat transfer: (1) U, the overall coefficient of heat transfer, 
Btu per (hour) (square foot) (Farenheit degree) ; (2) A, a dimensionless reduction 
factor which is the ratio of the actual heat flow to that which would occur under 
steady state conditions; and (3) dt or time lag, hours. 
The reduction factor \ is calculated from the equation? : 


where 
2% = reduction factor. 
e = base of Naperian logarithms, 2.7128... 
a = thermal diffusivity, square foot per hour. 
n = number of periods per hour. 
x = thickness of material, feet. 


The thermal diffusivity, a, may be calculated from the equation? : 


k 
Cp 


« (A-2) 
where 
k = thermal conductivity, Btu per (hour) (square foot) (Fahrenheit degree 
per foot). 
Cp = specific heat, Btu per (pound) (Fahrenheit degree). 
e = density, pounds per cubic foot. 
The time lag, dt, may be calculated from? : 


i 


where 
dt = time lag in hours. 
x = thickness of material, feet. 


Using a weighted average of these values for the specific roof under consideration, 
Equation 1 of the paper may be revised to give the equation: 


qm = 64.3AU (A4) 
where 
q: = instantaneous value of heat flow, Btu per (hour) (square foot). 
% = reduction factor. 
dt = time lag, hours. 


This equation is limited to the hours between 8:00 and 22:00, since the temperature 
variation curve is of the sine form only during the hours of incident solar energy 
and a few hours thereafter. 

Using Equation A-4 as a basis for calculations, Fig. A-1 shows the probable heat 
flow through three roofs: curve 1 is for a corrugated galvanized iron roof; curve 2 is 
for the roof used in this experiment, (see Fig. 2) ; curve 3 is for the roof as used in 
this experiment plus 2 in. of rock wool insulation. Curve 4 was added for comparison, 
and is the transfer through the test roof used, when it was sprayed to obtain 100 F 
surface temperature. Table A-1 shows three characteristics of the roofs. 

These three types of roofs typify light, medium and heavy constructions. Equation 
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A-4 is approximate, but indicates the effect of increased resistance to heat flow, and 
increased time lag. Integration of the three curves of Fig. 9 shows a total heat flow of 
22 Btu per (sq ft) (day) through the sprayed roof at a control temperature of 100 F. 
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Fic. A-1. Herat TRANSFER THROUGH 
THREE TypicaAL Roors as CaLcu- 
LATED FROM EguaTION A-4 AND 
THROUGH TEST RooF CONTROLLED 
AT 100 F 


Tas_e A-1—Conpuctivity, REDUCTION Factor AND TIME LaG 
FOR THREE RooFs 


U 
Roor Type Brtu/(Hr) dt 
(Sq Fr) (F Dec) Hours 
As used in test plus 2-in. rock-wool insulation. . 0.11 0.47 3.00 i 


Though the insulated roof shows a heat flow of only slightly more than the sprayed 
roof, note that the heat flow continues far into the night; also the theoretical maximum 
surface temperature would be 175 F, or 25 deg higher than the dry roof without the 
insulation. 


DISCUSSION 


G. V. ParMe.ee, Cleveland, O.: Mr. Sutton has presented a very interesting paper 
and might have indicated that he is also doing some interesting work on the subject 
of periodic heat flow through roofs. 
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I would like to ask Mr. Sutton to tell us of his experience in measuring solar 
radiation intensities, particularly with regard to the intensities which occurred on days 
of very high dry bulb temperature. In Cleveland we have found that on such days, 
which are also high dew point days, we have much less intense radiation than on 
clear cool days. 

Secondly, I would like to ask if he knows of any work which is being done in 
studying the life of a roof as it is affected by insulation. Insulation will raise the roof 
temperature and probably cause some reduction in its life. 

Thirdly, I would like to discuss the statement made in the paper regarding radiation 
loss from the roof. It was stated that the loss is dependent upon a difference in 
temperature between the roof surface and the outdoor air. It apparently was assumed 
that the sky was a black body radiator at air temperature. We have made a number of 
observations at Cleveland with a special radiometer of the radiation from the sky 
which falls on horizontal and other surfaces exclusive of solar radation. We find that 
the sky is not at all like a black body radiator at air temperature. 

This radiation received from the sky is dependent upon air temperature and the dew 
point temperature and may vary from sixty to eighty percent of the radiation emitted 
by a black body at air temperature. We feel this is a rather significant matter in 
cooling and heating load calculations and are preparing a paper on the subject. 


F. E. Ince, St. Louis, Mo.: I would like to question the author regarding the wind 
velocities present at the time of his test. Apparently that would affect the results of 
the evaporation. Secondly, has there been any reported windage loss of the spray? 


A. S. Haron, Maywood, Ill.: I would like to ask if the author investigated the 
effect of relative humidity of the air on the cooling that one achieves with this spray. 


AutnHor’s CLosure: The first question by Mr. Parmelee was on the measurement 
of solar radiation. The maximum solar radiation occurs immediately after a thunder- 
storm when the air is clear. Concerning the effect of the dry bulb temperature, it is 
true that the maximum solar radiation does not occur simultaneously with the 
maximum dry bulb temperature. 

There was no attempt to measure windage losses. A definite effort was made to 
control the spray so there would be no wind losses. They were low-angle sprays and 
the wind losses were kept down to a minimum. The velocities of the wind were very 
seldom more than 5 mph. When we have wind much more than that the temperatures 
and the solar radiation are not such that spray is required any great extent of the 
time. We were interested very intensely in the solar radiation; consequently, it was 
not studied from purely an air temperature viewpoint. Perhaps that should have 
been done. 

Concerning Mr. Parmelee’s second question about the effect of insulation on the life 
of roofs, we haven’t done any work on that, as it is a long-range proposition. The 
particular roof we are using certainly appears to be in far better condition than those 
of equal age. 

In answer to the comments of Mr. Ince, wind velocities were not measured; 
however, from previous measurements it would appear that most of the tests were 
conducted with wind velocities of from 3 to 5 mph. Winds of higher velocities were 
usually accompanied by cooler air requiring less water consumption and resulting in 
less wind losses. Wind losses are observable during operation when winds exceeded 
approximately 5 mph. The amount of wind losses depends upon the type of spray 
and the manner of coverage. 

In answer to Mr. Haron’s comments, the effect of relative humidity was not studied. 
The tests were performed throughout the summer, and the days were reasonably 
consistent as to humidity. A wet bulb temperature of 78 or 79 F occurred in a very 
large percentage of cases. Consequently, any study based on relative humidity would 
probably have been rather inconclusive. 


No. 1424 


SEMI-ANNUAL MEETING, 1951 


PoRTLAND, OREGON 


HE semi-annual meeting of Tue AMERICAN Society oF HEATING AND VEN- 

TILATING ENGINEERS was held at Portland, Oregon, City of Roses, July 2nd, 
3rd, and 4th, with 545 members, guests and ladies in attendance, establishing a 
new summer meeting record. 

There were three technical sessions at which twelve papers on a variety of 
subjects were presented and discussed. 

The first session was presided over by Pres. Lauren E. Seeley, who an- 
nounced that developments during the year had indicated the need for revision 
of several sections of the By-Laws, and the Council had drafted and endorsed 
ten amendments in accordance with Article IX of the By-Laws. 

H. E. Sproull, Chairman of the Charter and By-Laws Committee explained 
the proposed amendments which follow: 


ARTICLE IIl—Memberships 


Section 3. Qualifications 


(d) Members. Graduation from an engineering school approved by the Engineers’ 
Council for Professional Development, or from a foreign engineering school main- 
taining similar standards, shall be deemed equivalent to four (4) years of such experi- 
ence; from other technical schools maintaining four (4) year courses, three (3) years; 
from a non-engineering college, two (2) years; and each successfully completed year 
in an engineering college shall be deemed equivalent to one (1) year of such experience. 


To be amended as follows: 


[Graduation from an engineering school with an engineering curriculum accredited 
by the Engineers’ Council for Professional Development, or from a foreign engineering 
school maintaining similar standards, or from an engineering school of collegiate grade 
approved by the Council,] . . . of such experience. 

(e) Junior Members. hte person over twenty (20) and under thirty-three (33) 
years of age, having graduated from a college or school of engineering approved by 
the Engineers’ Council for Professional Development, or from a foreign college or 
school of engineering maintaining similar standards, or possessing five (5) years of 
experience satisfactory to the Council in the sciences relating to the arts of heating, 
ventilating, cooling or air conditioning, or the allied arts and sciences, shall be 
eligible to become a Junior Member. Each successfully completed year in such college 
or school shall be deemed equivalent to one (1) year of such experience. 


To be amended as follows: 


(e) Junior Members. [Any person over twenty (20) and under thirty-three (33) 
years of age, having graduated from a college or school of engineering with an engi- 
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neering curriculum accredited by the Engineers’ Council for Professional Develop- 
ment, or from a foreign engineering school maintaining similar standards, or from 
an engineering school of collegiate grade approved by the Council.] . . . of such 
experience. 

(h) Students. Any person regularly enrolled and pursuing an engineering curricu- 
lum accredited by the Engineers’ Council for Professional Development in a college 
or school of engineering, or in a foreign college or school of engineering maintaining 
similar standards, shall be eligible for student membership. 


To be amended as follows: 


(h) Students. Any person regularly enrolled and pursuing an engineering curricu- 
lum accredited by the Engineers’ Council for Professional Development in a college 
or school of engineering, or in a foreign college or school of engineering maintaining 
similar standards, [or in an engineering school of collegiate grade approved by the 
Council,] shall be eligible for Student membership. 

Section 4. Privileges and Limitations. (Student membership shall cease at the 
end of the calendar year in which the Student’s enrollment as a student has been 
terminated.) The Council may transfer a Student to Junior Member grade on proof 
of his qualifications therefor or to Affiliate grade. 


Amend the sentence shown in parenthesis above as follows: 


[Student membership shall cease upon the Student’s graduation, or at the close of 
the school term during which his enrollment as a student has terminated.] 

Section 7. Resignation. Any member may resign his membership by writing to the 
Executive Secretary, who shall present the resignation to the Council at its next 
meeting. If the dues of the resigning member (pro-rated on a quarter-annual basis) 
shall have been paid to the date of the receipt of the resignation, his resignation shall 
be accepted. 


Second sentence to be amended as follows: 


[lf the dues of the resigning member shall have been paid to the end of the quarter- 
annual period immediately preceding the date of the receipt of resignation, his resigna- 
tion shall be accepted.] 


Section 8. Suspension and Expulsion. 


(a) Non-Payment of Dues: lf any member shall fail to pay his dues by April 1st, 
he shall be classed as delinquent and not entitled to vote; if such dues are not paid 
by July 1st, he shall be classed as not in good standing and his membership shall be 
suspended ; if such dues are not paid by December Ist, the Executive Secretary shall 
notify the suspended member by registered mail that unless such dues are paid by 
December 31st, he shall cease to be a member of the Society, and upon his failure to 
cure such default by December 31st, his membership in the Society shall cease; pro- 
vided that upon written application satisfactorily explaining a default, accompanied 
by  —, of dues, the Council may, in its discretion, rescind any forfeiture of mem- 

rship. 


To be amended as follows: 


(a) Non-Payment of Dues: If any [Member, Associate Member, Junior Member, 
or Affiliate] shall fail to pay his dues by April Ist, . . . by December 31st, his mem- 
bership in the Society shall cease; [if any Student shall fail to pay his dues by Decem- 
ber 31st, the delinquent Student’s membership shall cease and the Executive Secretary 
shall notify such Student by registered mail that his membership in the Society has 
ceased;] provided that upon written application satisfactory explaining a default, 
accompanied by payment of dues, the Council may, in its discretion, rescind any for- 
feiture of membership. 
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ARTICLE IV—Funds 


Section 3. Dues. Honorary Members, Presidential Members and Life Members shall 
be exempt from the payment of dues. 

Unless changed by the Society at an Annual or Special Meeting, the annual dues 
of Members, Associate Members and Affiliates shall be twenty-five dollars ($25.00) 
and of Students, three dollars ($3.00). The annual dues of Junior Members shall 
remain at ten dollars ($10.00) until January 1, 1951, whereupon the annual dues of 
Junior Members shall be fifteen dollars ($15.00). 

Annual dues shall become due and payable in United States currency, or its equiva- 
lent, in advance on January Ist of each year, and shall in no case be subject to refund. 
Dues of new and advanced members, except Students, shall be pro-rated on a quarter- 
annual basis, and shall be payable on the first day of the month following notification 
of election or advancement, and if not paid within three (3) calendar months after 
such notification, the election or advancement shall be automatically rescinded. The 
Council in its discretion may suspend payment of dues by members in the Armed 
Forces in time of war, or may in its discretion defer or remit the dues of any member 
for special cause. Future annual dues may be compounded at a three percent (3%) 
rate by payment to the Society of the worth of an annuity equal to the member’s 
dues for the period for which dues would be required. Compounded payments shall 
in no event be subject to refund. 


Rule 1. The payment of Students’ dues is hereby deferred until October 1st 
of each year. If such dues are not paid by December 3lst, the delinquent 
Student’s membership shall cease, and the Executive Secretary shall notify 
such Student by registered mail that his membership in the Society has ceased. 
Students’ dues shall henceforth be applicable to the annual period commencing 
October Ist and terminating September 30th. As of October Ist, 1950, and 
on October Ist of each year thereafter, the Executive Secretary shall bill all 
students for dues in accordance with this Rule. (Adopted 10-22-50) 


Second paragraph to be amended as follows: 


Insert period after ($25.00) in first sentence and revise 2nd sentence as follows: 
[The annual dues of the Junior Members shall be fifteen dollars ($15.00). The annual 
dues of Students shall be fixed by the Council and shall be published in THE JouRNAL.] 


Third paragraph to be amended as follows: 


Annual dues, [except Students,] shall become due and payable in United States 
currency, or its equivalent, in advance on January 1st of each year, and shall in no 
case be subject to refund. Dues of new and advanced members, [except Students, ] 
shall be pro-rated on a quarter-annual basis, and shall be payable on the first day of 
the month following notification of election or advancement, and if not paid within 
three (3) calendar months after such notification, the election or advancement shall 
be automatically rescinded. [Students’ dues shall be applicable to the annual period 
commencing October 1 and terminating September 30.] The Council in its, etc... . 


Section 4. Dues to Constitute Subscriptions. Of the annual dues paid by Members, 
a sum equal to the current subscription price shall be deemed to be a subscription 
for the JouRNAL. All members, except those whose annual or pro-rated dues shall 
amount to less than five dollars and fifty cents ($5.50), shall be entitled to receive 
the Seciety’s periodical publications. Honorary Members, Presidential Members and 
Life Members shall be entitled to receive such publications without charge. Students 
shall be entitled to receive the JouRNAL without charge. 


Rule 1. The Executive Secretary shall have imprinted on the Society’s bills 
for dues payable by all members including Students, the following legend: 
“Includes $2.00 for one year subscription for the monthly JourNAL of the 
Society, Heatinc, Pipinc AND AIR CONDITIONING.” (Adopted 6-18-50) 
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To be amended as follows: 


Section 4. Dues to Constitute Subscriptions. [Of the annual dues paid by Members, 
Associate Members, Junior Members and Affiliates, a sum equal to the current sub- 
scription price shall be deemed to be a subscription for THE JOURNAL, and all such 
members, except those whose annual or pro-rated dues shall amount to less than 
Five and 50/100 dollars ($5.50), shall be entitled to receive the Society’s periodical 
publications. Honorary Members, Presidential Members and Life Members shall be 
entitled to receive the Society’s publications; the Society shall subscribe for THE 
JourNAL in their behalf]. 


ARTICLE VII—Committees 


Section 3. General Committees. 


(c) Guide Committee, consisting of nine (9) MEMBERS. The said committee, in 
harmony with the editorial policies of the Society, shall compile the text section of 
Tue Guipe. The Director of Research shall be an ex-officio member of the said 
committee. 


To be amended (2nd sentence) as follows: 


[The Chairman of the Committee on Research shall be an ex-officio member of 
the said Committee. ] 

(f) Chapter Relations Committee, consisting of a member of the Council, who shall 
serve for a term of one (1) year, and six (6) MEMBERS. Each of the seven (7) 
regional areas, as set forth in Appendix A hereof, shall have representation on said 
Committee. 


To be amended as follows: 


(f) [Chapter Relations Committee, consisting of a member of the Council and six 
(6) MEMBERS, who shall serve for a term of one (1) year.] Each of the seven (7) 
regional areas, as set forth in Appendix A hereof .. ., etc. 


(h) Committee on Research, (third paragraph) : 


The chairman of the Committee on Research shall appoint such Technical Advisory 
Committees as may be deemed expedient, to advise the Committee on Research and 
the Director of Research on specific projects. At least one (1) member of each Tech- 
nical Advisory Committee shall be a member of the Committee on Research, and the 
chairman of the Committee on Research and the Director of Research shall be ex- 
officio members thereof. Technical Advisory Committees shall be governed by such 
rules and regulations as may be recommended by the Committee on Research and 
adopted by the Council. 


To be amended as follows: 


The chairman of the Committee on Research shall appoint such Technical Advisory 
Committees as may be deemed expedient to advise the Committee on Research and 
the Director of Research on specific research projects; [the chairman of the Com- 
mittee on Research shall be an ex-officio member thereof.] At least one (1) member 
of each Technical Advisory Committee shall .. ., etc. 

The following new sub-division to be added for the inclusion of the Public Rela- 
tions Committee as a General Committee of the Society: 

(i) Public Relations Committee, consisting of a member of Council and three (3) 
members who shall serve a term of one (1) year. The said committee shall publi- 
cize the aims, activities and achievements, the scientific, and educational purposes of 
the Society, with the object of cultivating and stimulating public and members’ interest 
in the Society and its affairs. 
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A discussion followed the presentation of the proposed amendments, but no 
changes were suggested. 

President Seeley appointed a Resolutions Committee as follows: Harry L. 
Stevens, Hutchinson, Kans.; C. M. Burnam, Jr., Chicago, Ill.; and R. T. Kern, 
Fitchburg, Mass. Three technical papers were presented by their authors, one 
by title, and I. W. Cotton, Chairman, gave a report on the activities of the 
Committee on Research, 

At the second session held on Tuesday morning, first Vice-President Ernest 
Szekely presided and four papers were presented, one by title. 

At the third and final session there were three papers presented by their 
authors, and one paper presented by title. Reg. F. Taylor, second vice-president, 
was the chairman at this session. The report of the Resolutions Committee was 
called for by President Seeley, who had assumed the chair, and was presented 
as follows: 


Wuereas, THE AMERICAN SocieTy OF HEATING AND VENTILATING ENGINEERS is 
concluding its highly successful and pleasant Semi-Annual Meeting 1951 in the 
gorgeous City of Roses of the Great Northwest, and 

Wuereas, the Oregon Chapter through Bert Farnes, the genial general chairman 
and his many busy beaver helpers, has kept us so enjoyably occupied that the Reso- 
lutions Committee has had no time to compose the elaborate and complimentary 
tributes that the Host Chapter properly deserves, and 

Wuereas, the Oregon Ladies have entertained our wives and daughters so charm- 
ingly, and 

WueEnrEAS, the technical papers and discussions have been of a character and quality 
to reflect great honor and dignity to our Society, and to make an important contribu- 
tion toward the comfort, health and long life of humanity, and 

Wuereas, President Lauren E. Seeley and the other Officers of the Society have 
conducted the technical sessions in an expeditious manner so that we might enjoy the 
culture, beauty and entertainment planned for us, and 

Wuereas, Portland has extended us such a hearty welcome, and 


WuHenreas, our headquarters hotel, the Multnomah, has so successfully avoided 
check in and check out queues and reservation confusion, and has through the courte- 
ous attention of its staff and its many facilities provided for our every comfort, and 

WHEREAS, our vocabularies have been so enriched by Multnomah, Mollala Buckaroo 
and many other romantic words not commonly encountered, 

Now, THererore, Be It Resotvep THAT: We, the Members of THe AMERICAN 
Society or HEATING AND VENTILATING ENGINEERS, formally, unanimously and voci- 
ferously extend a Thank You as hearty as our W elcome to Portland, to the president, 
committees and all of the members of the Oregon Chapter, to Portland, our host city, 
to the Hotel Multnomah, our headquarters, to the Royal Rosarians who honored 
President and Mrs. Seeley, to those contributing papers and discussions, to Lewis 
and Clark for discovering this great Northwest, to our own Society officers, com- 
mittees and staff for a mighty fine meeting. 


Respectfully submitted, 


RESOLUTIONS COMMITTEE 


Harry L. Stevens, Chairman 
C. M. Burnam, Jr. 
R. T. Kern 


The meeting concluded with a rising vote adopting the resolutions of thanks. 
The final registration showed members present from 29 states, the District of 
Columbia, Alaska, Canada and Italy. 
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PROGRAM SEMI-ANNUAL MEETING 
Hotel Multnomah, Portland, Oregon—July 2-4, 1951 


SUNDAY—July 1 


9:00 a.m. RecistraATION (Hotel Multnomah, Mezzanine) 
10:00 a.m. Council Meeting (Peekskill) 
2:00 p.m. Sightseeing tour about City with Chapter Members in private cars 


MONDAY—July 2 


9:00 a.m. Recistration (Hotel Multnomah, Mezzanine) 
9:30 a.m. TECHNICAL Session (Hotel Multnomah, Marine Room) 
Amendments to By-Laws 
Aluminum Ceiling Panels for Heating and Cooling, by E. S. Howarth, 
S. C. Huddleston, and R. M. Koch, New Kensington, Pa., presented 
by Mr. Howarth 
Laboratory Studies of the Thermal Characteristics of Plaster Panels, 
by C. M. Humphreys, C. V. Franks, and L. F. Schutrum, Cleveland, 
Ohio, presented by Cyril Tasker 
Optimum Panel Surface Distribution Determined from Human Shape 
Factors, by F. W. Hutchinson, Berkeley, Calif., and Merl Baker, 
Lexington, Ky., presented by A. V. Hutchinson 
Report of the Committee on Research, I. W. Cotton, Chairman 
Barometric Draft-Control Analysis, by H. B. Nottage, D. W. Locklin, 
and R. G. Huebscher, Cleveland, Ohio, presented by title 
11:00 a.m. Ladies Brunch (Hotel Multnomah, Rose Bowl) 
11:30 p.m. Research and Eichberg Cups Golf Tournament, Glendoveer Course 
12:30 p.m. Columbia River trip 
7:00 p.m. Hawaiian Buffet Dinner Party (Hotel Multnomah, Rose Bowl) 


TUESDAY—July 3 


9:00 a.m. Recistration (Hotel Multnomah, Mezzanine) 


9:30 am. TrecHNICAL Session (Hotel Multnomah, Marine Room) 
Control of Air Streams from a Long Slot, by Alfred Koestel and 
Chia-Yung Young, Cleveland, Ohio, presented by Prof. G. L. Tuve 
Pressure Losses of Take-Offs for Extended-Plenum Duct Systems, by 
J. W. Holl, S. F. Gilman, R. J. Martin, and S. Konzo, Urbana, IIl., 
presented by J. R. Jamieson 
Warm Air Perimeter Heating—Heat Emitted from Floor Surface, by 
J. R. Jamieson, R. W. Roose, and S. Konzo, Urbana, IIl., presented 
by J. R. Jamieson 
Furnace Thermal Efficiency Determined from Flue and Jacket Loss, 
by H. L. McPherson, K. L. Badger, and W. S. Zawada, Cleveland, 
Ohio, presented by title 
10:00 a.m. Ladies Shopping Time 
12:00noon City or Roses Luncueon (Hotel Multnomah, Rose Bowl) 
Toastmaster: Bert W. Farnes 
Speaker: Dean G. W. Gleeson, School of Engineering and Industrial Arts, Oregon 
State College 
Subject: Energy—Choose It Wisely Today for Safety Tomorrow 
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1:30 p.m. Nominating Committee (Hotel Multnomah, Spruce Room) 
1:30 p.m. Chapters Conference Committee 

2:30 p.m. Scenic Motor trip to Timberline Lodge and Mt. Hood 
6:30 p.m. Indian-Style Salmon Bake at Mt. Hood 


WEDNESDAY—July 4 


9:00 am. Recistration (Hotel Multnomah, Mezzanine) 
9:30 am. TECHNICAL Session (Hotel Multnomah, Marine Room) 
Heat Pump Application to a Newspaper Plant, by J. D. Kroeker, 
J. H. Bonebrake, and J. A. Melvin, Portland, Ore., presented by 
Mr. Kroeker 
Two-Year Performance of a Heat Pump System Furnishing Year- 
Round Air Conditioning in Modern Office Building, by Philip Sporn 
and E. R. Ambrose, New York, N. Y., presented by Mr. Ambrose 
Climatology as an Aid in Heat Pump Design, by G. S. Smith, Seattle, 
Wash., presented by Professor Smith 
Heat Requirements of Buildings, by C. W. Signor, Detroit, Mich., 
presented by title 
11:00 a.m. Mollala Buckaroo at Mollala 
1:30 p.m. Inspections—Country’s two largest heat pumps (Also available 10:00 a.m. 
July 5) 
7:00 p.m. Sremi-ANNUAL Banguet (Hotel Multnomah, Grand Ballroom) 
Toastmaster: T. E. Taylor 


Speaker; Frank Branch Riley 
Subject: The Last West 


COMMITTEE ON ARRANGEMENTS 


B. W. Farnes, General Chairman F. F. Ursan, Vice Chairman 
Pror. E. O. Eastwoop, Honorary Chairman 


Banquet—T. E. Taylor, Chairman; W. B. Hayes, Vice Chairman; E. A. Ponder, 
Mrs. Helen P. Woolley, and R. W. Zanders. 


Entertainment—E. R. Lokey, Chairman; W. R. Norte, Vice Chairman; J. P. Bryne, 
J. E. Finkbeiner, D. M. Keefer, W. H. Oscanyan, W. R. Pindell, J. W. Wallace, Jr., 
and S. W. Young. 

Finance—J. D. Kroeker, Chairman; L. J. Harrington, Vice Chairman; P. L. 
McManus. 


Ladies—J. P. McDermott, Chairman; K. H. Hanson, Vice Chairman; J. H. Bone- 
brake, T. H. McClung, W. R. Norte, and Fred Schwan. Mmes. Dick Blankenship, J. 
H. Bonebrake, C. W. Brissenden, R. C. Chewning, B. W. Farnes, J. A. Freeman, K. H. 
Hanson, Walter Hanthorn, A. N. Hoss, J. D. Kroeker, T. C. Langdon, R. P. Lankow, 
E. R. Lokey, F. W. McCarthy, T. H. McClung, J. P. McDermott, H. W. McKenzie, 
W. B. Morrison, W. R. Norte, W. R. Pindell, Fred Schwan, W. A. Simpson, T. E. 
Taylor, B. M. Thornburg, and F. F. Urban. 


Publicity—A. N. Hoss, Chairman; V. A. Beers, Vice Chairman; D. W. Chase, R. 
M. Hermann, E. R. Hoerner, W. J. Kollas, and F. E. Mulford. 

Reception—W. B. Morrison, Chairman; O. W. Matthews, Vice Chairman; D. L. 
Benz, J. S. Bowen, Jr., W. R. Burton, C. P. Dougherty, R. E. Duke, R. M. Finklea, 
R. S. Freidenrich, R. O. Haneberg, H. H. Hewitt, Jr., F. R. Johnson, E. F. Kugel, R. 
F. Marquess, H. W. Olson, R. L. Schroeder, and S. W. Young. 
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Sessions—F. W. McCarthy, Chairman; W. C. Kelly, Vice Chairman; J. S. Bowen, 
Jr., Faruk Konuk, and W. D. Maxwell. 


Sports—R. P. Lankow, Chairman; R. L. Schroeder, Vice Chairman; J. A. Reynolds, 
R. E. Selberg, and W. G. Woolley. 


Attendance Promotion—C. W. Brissenden, Chairman; A. C. Clark, Vice Chairman; 
R. H. Brown, K. N. Flocke, and W. R. Pindell. 


Transportation—J. A. Freeman, Chairman; W. A. Simpson, Vice Chairman; R. R. 
Atkinson, A. H. Bohren, J. T. Burtchaell, R. L. Carlson, E. E. Carroll, O. E. Castrow, 
L. D. Copenhagen, M. O. Cox, A. E. Finlay, W. A. Gish, Walter Hanthorn, L. O. 
Howlett, O. T. Jacobson, A. E. Kendrick, T. C. Langdon, A. L. Lewis, R. H. Lord, 
J. M. Lott, R. W. Martig, W. C. Miller, Benjamin Morris, E. A. Murhard, K. R. 
Murhard, H. H. Nesbitt, R. W. Peterson, V. A. Pfeifer, W. P. Ramsey, J. A. 
Reynolds, Jack Rousseau, R. B. Rowan, Henry Rudell, P. F. Sansted, E. P. Siegert, 
U. G. Smith, F. A. Staten, C. L. Walker, A. S. Weiant, W. J. Widmer, and W. G. 
Woolley. 


Alaska Representative—R. D. Hoss. 


Special Activities—Dick Blankenship, E. E. Kelly, R. T. Mudge, and B. M. 
Thornburg. 
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No. 1425 


ALUMINUM CEILING PANELS FOR HEATING 
AND COOLING 


By E. S. Howartn*, S. C. Hupp.eston**, anp R. M. Kocn**, 
New KENSINGTON, PA. 


ESIGNERS of modern air-conditioned buildings are confronted with the 

problem of providing, at reasonable cost, adequate heating, ventilating, and 
air conditioning facilities through the use of equipment and arrangements which 
will conserve the greatest amount of space for other purposes. In solving this 
problem in a 30-story office building being constructed for the Aluminum Com- 
pany of America in Pittsburgh, Pa., investigation was made of a multi-purpose 
aluminum ceiling for heating, for partially cooling, and for accomplishing the 
desired acoustical treatment. In addition to providing the advantages of ceiling- 
panel heating, this installation will employ ceiling-panel cooling in a similar 
manner, thus relieving the air conditioning system of a large portion of its 
normal load. The resulting reduction in size of air handling equipment and 
ducts, the efficient use of ceiling area, and certain construction innovations 
adopted are expected to increase the net usable space by an amount equivalent 
to about one and one-half stories. 

Aluminum ceiling panels offer certain advantages when compared with onl 
composed of water-carrying tubes embedded in plaster or concrete. The high 
thermal conductivity of aluminum permits wide spacing of the water-carrying 
tubes and obtains a temperature of the effective face of the panel approaching 
that of the water in the tube. The latter consideration makes panel cooling 
practicable because the temperature of the chilled water can be above the dew- 
point of the ambient air and still provide effective cooling. The aluminum panels 
respond rapidly to quick changes in water temperature and are not subject to 
the cracking hazards. Acoustical treatment is accomplished readily with no 
adverse effect on thermal performance by perforating the sheet elements of the 
panels and overlaying them with glass wool blankets in a manner common to 
metal acoustic ceilings. 

A search of the literature revealed that considerable information concerning 
the design and thermal performance of radiant plaster panels was available from 


* Chief, Metal Working Division, Aluminum Research Laboratories, Aluminum Company of America. 
** Research Engineer, Aluminum Research Laboratories, Aluminum Company of America. 
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the work of Raber, Hutchinson, Vanderweil, Giesecke, and others. With the 
exception of a paper! by Leopold, dealing with the cooling performance of ceil- 
ing mounted aluminum plates having integral water passages, little technical 
information relating to metal ceilings for heating and cooling was found. Con- 
sequently, a program of tests was initiated to determine not only the heating 
and cooling performance of such ceilings, but also to indicate the relative effects 
of variations in design details and operating conditions upon thermal perfor- 
mance. 

During the early stages of designing the Alcoa Office Building, consideration 
was given to the use of aluminum ceiling panels in which the water-carrying 
elements were an integral part of the ceiling or were either bonded or mechani- 
cally attached to it. Bonded construction, in which ceiling surface and water- 
carrying elements were brazed together, seemed to offer the best combination 
of fabrication, installation, and thermal characteristics. The test results reported 
in this paper were obtained from such brazed panels, but the analytical procedure 
is not in any way limited to that type of construction. In fact, the ceiling selected 
for the building is being constructed of relatively small aluminum pans having 
integral clips which attach the pans mechanically to the water-carrying pipes. 
The theory and design data presented in this paper have been applied to them 
with good results. 


DESCRIPTION OF TESTS 


The experimental phase of the investigation involved the testing of several 
designs of ceiling panels, each of which, in general, consisted of a sheet of 
aluminum to the top side of which was brazed aluminum tubing tracing a sinuous 
path across the panel. Most of the tests were performed on panels in which the 
facing sheet was ¥% in. thick. However, tests were also conducted on panels 
having facing sheet thicknesses of 3/32 and 4% in. Five panel designs were tested 
in which adjacent tube passes were spaced on 8-in. centers and seven designs 
involved tubes spaced on 20-in. centers. The emissivity of the panel surfaces 
was varied by different surface treatments, namely, ivory paint (94 percent), 
anodic oxide coating (91 percent), lacquer (69 percent), aluminum paint (33 
percent), and bare aluminum (4 percent). The thermal conductivity of the 3S 
aluminum facing sheets was determined by test to be 86 Btu per (hr) (sq ft) 
(F deg per ft). Each panel was 4 ft-3 in. wide by 7 ft-0 in. long and two such 
panels were assembled to make a continuous 14-ft long section. The aluminum 
tubing had a 5-in. outside diameter and a wall thickness of 0.065 in. The tests 
were conducted with an insulating layer on the top side of the panel consisting 
of a 1-in. thick blanket of glass wool covered on the top only by aluminum foil. 
Fig. 1 shows the top side of a typical panel, showing insulation and tubing. 
Only a small percentage of the panels tested were perforated. 

The 14-ft long panel assemblies were tested, two at a time, while suspended 
from the ceiling of a specially constructed test room, one corner of which is 
shown in Fig. 2. The totally-enclosed test room was designed to represent the 
size of a typical office and measured approximately 12 ft by 16 ft by 814 ft high. 
The walls, floor, and ceiling were insulated with thick rock wool batts. The 


1The Mechanism of Heat Transfer, Panel Cooling, Heat Storage, by Charles S. Leopold 
(Refrigerating Engineering, July 1947, p. 33). 
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finished floor was wood and the walls were faced with insulating wall board. 
Fluorescent fixtures, recessed flush with the ceiling panel surfaces, provided 
a lighting load of 3 watts per sq ft of floor area. 

Nominal room air temperatures of 70 F for heating tests and 80 F for cooling 
tests were maintained by circulating air through the room. Air temperature 
control was obtained by employing external air conditioning equipment and 
pneumatic type temperature controllers. With this equipment the local variation 
in air temperature with time was held to within +1 deg. 

Water at any desired temperature was supplied to the panels by an external 
system of pumps and heat exchangers and water temperature variation was held 


Fic. 1. Tor View or Typicat ALUMINUM CEILING 
PaNEL—20-1n. TuBE SPACING 


to within +0.1 deg through the use of several pneumatic-type temperature con- 
trollers. Water flow rate was indicated by a calibrated flow measuring instru- 
ment. A general view of the external test room equipment, including air con- 
ditioning system, water temperature control system, and measuring instruments, 
is presented in Fig. 3. 

Temperature measurements were made by means of calibrated iron-constantan 
thermocouples and a self-balancing electronic potentiometer employing a melting 
ice cold junction. Air temperature measuring thermocouples which could see 
the panels were shielded with aluminum foil to minimize direct radiation effects. 
Thermocouples were located at numerous points on the walls and floor of the 
test room and at ten different locations along the 14-ft centerline of each panel 
assembly. Other couples were suspended in the air at a number of points below 
and above the panels. Inlet, outlet, and intermediate water temperatures were 
measured. Each temperature survey involved approximately 60 measurements. 

Air was circulated through the room at a rate of approximately 880 cfm, which 
was about equivalent to one change every 2 min. This rate was necessary to 
remove the heat released by the panels in order that the room air temperature 
would remain constant. Part of the tests were made with the inlet air grille 
louvers adjusted half up and half down. With this arrangement the air velocity 
across the face of the panel was measured with an anemometer at 30 locations 
on the two panels when cold, and the average velocity was found to be about 
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25 fpm. To obtain air conditions within the room that would more closely 
approximate the conditions set up by natural convection, a perforated diffuser 
partition was erected in front of the inlet air grilles. With the partition in place 
no indication of air motion anywhere in the room was obtained with the ane- 
mometer, although calibration data were available for velocities as low as 10 
fpm. Therefore, it was concluded that for the tests made with this setup the air 
velocity across the surface of the panels was less than 10 fpm. 

The interior corner of the test room, shown in Fig. 2, reveals portions of the 
ceiling panels with surface temperature measuring thermocouples attached, sev- 


Fic.2. INTERIOR VIEW oF ONE Cor- 
NER OF THE TEsT 


eral wall thermocouples, the standards supporting the air temperature measuring 
thermocouples, the thermocouple junction box, and one of the inlet air grilles. 
Fig. 4 is a view of this same corner of the test room with the perforated diffuser 
partition in place. 

Tests were conducted employing inlet water temperatures of 180, 160, and 120 
F for heating and 60 F for cooling. Water flow rates were established at either 
1 or 4 gpm. Test data were not recorded following a change in test conditions 
until equilibrium was reached and then three consecutive series of observations 
were made at about 10 min intervals. 


RESULTS oF TESTS 


The thermal performance of each panel under the various test conditions was 
calculated from the rate at which heat was released from, or absorbed by, the 
water as it flowed through the panel. Dividing this heat rate, Q, expressed in 
Btu per hour, by the room-side panel face area, A, in square feet, resulted in 
the average unit panel performance, 0/A, expressed as Btu per (hr) (sq ft). 
This index to panel performance includes the relatively small amount of heat 
transmitted through the insulating blanket on the top side of the panel. 
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A summary of the thermal performance results obtained from 89 heating tests 
and 30 cooling tests is presented in Table 1. The upper number in each block 
represents the average thermal performance, Q/A, obtained from three con- 
secutive series of observations made under equilibrium conditions. From this 
summary, the effects of variations in panel design and operating conditions upon 
the thermal performance of the panel can be observed. It is important to note 
that improved thermal performance resulted from increasing face sheet thick- 
ness, surface emissivity, water flow rate, and air velocity, and from decreasing 
tube spacing. For the heating tests, raising the inlet water temperature resulted 


Fic. 3. ExTERNAL View oF Test Room, Arr CONDITION- 
ING, AND WATER CONTROL EQUIPMENT 


in a pronounced increase in thermal performance. Although not shown in 
Table 1, a similar improvement was observed for cooling tests in which the 
temperature of the inlet water was decreased below 60 F. 

Interesting cross comparisons can also be made in Table 1. For example, it 
can be seen that, for the lower air velocity, introduction of 160 F water at 1 
gpm resulted in almost the same heat output as was obtained for 180 F water at 
% gpm. This suggests the use of water flow rate as well as water temperature 
as a means of controlling panel performance. 

Further examination of the test results shown in Table 1 indicates that, for 
identical water flow rates, air velocities, face sheet thickness, and surface emis- 
sivities, panels having a tube spacing of 8 in. exhibited practically the same 
thermal performance for 160 F inlet water as did 20-in. tube space panels when 
the inlet water temperature was 180 F. Similarly, increasing the facing sheet 
thickness from 4% in. to 4 in. nearly compensated for an increase in tube spacing 
from 8 to 20 in. 

In calculating the performance of the perforated panels, it was originally 
intended to consider only the net face area of the facing sheet. An analysis of the 
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NOMENCLATURE 
W = width of panel, feet. G = water flow rate, gallons per 
L = length of panel, feet. minute. 
A = room-side face area of panel, w = water flow rate, pounds per 
square feet. hour. 
b = thickness of panel facing p = specific heat of water, Btu per 
sheet, feet. (pounds) (Fahrenheit degree). 
D = developed length of tube, feet. k = thermal conductivity of facing 
s = distance between centerlines sheet material, Btu per (hour) 
of adjacent tube passes, (also (square foot) (Fahrenheit de- 
called tube spacing), feet. gree per foot). 
Sec. A-A = a typical cross section of the ¢ = emissivity of panel surface, 
panel taken normal to the percent. 
tube and extending in widtha e = Naperian constant, 2.718. 


distance s/2 on each side of 
the tube. 


average temperature of room 
air, Fahrenheit. 


x = shortest distance from any t, = weighted mean temperature 
point on the face of the panel of room air, walls, and floor, 
to the centerline of the tube including space and structure 
projected to the face of the above panels, (approximated 
panel, feet. by considering only the tem- 

y = distance from water inlet edge peratures of the room walls 
of the panel to Section A-A as and floor), Fahrenheit. 
measured along the tube, feet. tw = temperature of the water at 

dy = small increment of y, feet. any point a distance y, along 

1,2 = subscripts used to relate tem- the tube, Fahrenheit. 
perature to the inlet and out- ¢ = temperature of the facing 
let edges of the panel re- sheet at any point, Fahren- 
spectively. heit. 

Q = rate at which total heat is t, = temperature of the facing 
released from or absorbed by sheet at any point directly 
the entire panel, Btu per hour. under the centerline of the 

ga-a = rate at which total heat per tube a distance y, along the 


unit area is released from or 
absorbed by the panel at 
Section A-A, Btu per (hour) 
(square foot). 


tube, Fahrenheit. 
temperature of the facing 
sheet at a distance s/2 from 
the tube, Fahrenheit. 


test results, however, revealed that no correction should be made for the loss 
in face area due to the perforations. Consequently, plain and perforated panels 
were treated alike in calculating the performance values shown in Table 1. Even 
then, the thermal performance of perforated panels exceeded slightly that of 
plain panels in four of the five cases in which direct comparisons can be drawn. 
It is believed that the cylindrical surface inside each perforated hole compensated 
for the loss in face area. Such a balance might not result for other combinations 
of face sheet thickness, hole size, and spacing. 

Efficient transfer of heat through the brazed joint resulted in relatively small 
temperature differences between water in the tube and face sheet immediately 
under the tube. The average temperature difference for all heating and cooling 
tests, excluding those conducted on the somewhat impractical panel with the 
14-in. thick face sheet, was 2.4 deg. This subject is discussed in more detail 
later. 


THEORETICAL ANALYSIS 


Direct application of test results is usually complicated by differences between 
test and service conditions. This is particularly true when performance is 
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NoMENCLATURE (Concluded) 


ty = arithmetic weighted average (hour) (square foot) (Fahren- 
of all temperatures, ¢, and heit degree). 
tsj2, Observed on the longi- hm = adjusted heat transfer coef- 
tudinal centerline of the panel, ficient obtained from hy by 
Fahrenheit. correcting for the difference 
ts = arithmetic average of tem- between ty and ¢m, Btu per 
peratures, and at (hour) (square foot) (Fahren- 
Section A-A, Fahrenheit. heit degree). Represents 
tm = mean temperature of the experimentally determined h. 
entire panel surface, Fahren- h’ = modified heat transfer coef- 
heit. ficient for Section A-A re- 
tm = mean temperature of the ferred to temperature, ¢, 
panel surface at Section A-A, directly under the tube, Btu 
Fahrenheit. per (hour) (square foot) 
c = heat transfer coefficient for (Fahrenheit degree). 
the flow of heat from the h”’ = modified heat transfer coef- 
water in the tube through the ficient for Section A-A re- 
water film and metallic joint ferred to water temperature, 
to the panel surface directly tw, Btu per (hour) (square 
under the tube, Btu per foot) (Fahrenheit degree). 
(hour) (foot of tube) (Fahren- h’” = overall heat transfer coef- 
heit degree). ficient for the entire panel 
h = general heat transfer coef- referred to the inlet water 
ficient combining radiation, temperature, ¢wi, Btu per 
convection, and conduction, (hour) (square foot) (Fahren- 
and relating heat flow to the heit degree). 
difference between the first 
powers of ¢ and ¢,, Btu per Sh 
(hour) (square foot) (Fahren- tanh 1 
heit degree). 4kb 
hn = approximate heat transfer co- i= emai 
efficient obtained from panel sth 
tests by relating average unit 4rb 
heat transfer rate, Q/A, to 
temperature difference be- (tanh is the hyperbolic tan- 


tween ty and ¢,, Btu per gent). 


affected in varying degrees by as many variables as are associated with this prob- 
lem. The following analytical procedure, therefore, has been developed for use 
in applying the preceding test results to a wider variety of ceiling panels and 
operating conditions than were included in the tests. 

In this analysis, the nomenclature employed and the units of measure are as 
indicated unless otherwise noted. 

Maximum heating and cooling performance of water-carrying ceiling panels 
having fixed surface characteristics would be attained if the surface temperature 
of the panel ¢t were uniform throughout and equal to the temperature of the enter- 
ing water, t,,. This condition would result if it were possible to flow a sheet of 
heated or chilled water at infinite velocity over the top surface of a metal panel 
having no resistance to heat transfer through its thickness. Such maximum per- 
formance is partially sacrificed, in the tube-and-sheet type panels with which this 
paper is concerned, to gain other advantages. For example, conveying the water 
in tubing attached to the facing sheet provides ample space for acoustical per- 
forations. Control of the water flow rate causes a change in thermal performance 
of the panels and can be applied to advantage due to the manner in which the 
performance requirements vary with respect to distance from outside building 
walls. 
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The tubing and facing sheet could be joined by brazing, welding, soldering, 
adhesive bonding, or mechanical connections. The temperature difference be- 
tween the water and the facing sheet directly under the tube would be affected 
by the thermal resistance of such joints. Consequently, in this analysis, a coeffi- 
cient c is used for the rate of flow of heat from the water in the tube through the 
water film and metallic joint to the panel surface directly under the tube. 

The rate at which heat is released or absorbed by every unit area of a panel 
having a uniform surface temperature ¢ can be expressed as, 


ee 


# 


Fic. 4. INTERNAL VIEW OF ONE CorNER OF TEST Room 
SHOWING PERFORATED AIR DIFFUSING PARTITION 


and the value selected for the heat transfer coefficient h depends upon considera- 
tions given to air motion, surface emissivity, insulation above the panel, and 
the general level of temperatures ¢ and t,. 

For an aluminum tube and sheet panel in which tube spacing s, the facing 
sheet conductance bk, and water flow rate G have finite values, the face sheet 
temperature, ¢, varies with distance along as well as away from the tube. As 
was the case for the uniform temperature panel, the heat transfer coefficient h 
might be affected by the general level of the mean surface temperature, ty, but 
it is assumed that a single value of h can be used for the entire panel. In order 
to calculate the thermal performance of such a non-uniform temperature panel, 
it is necessary to determine the temperature distribution on the panel surface. 

Consider, therefore, an idealized type of heating panel, such as the one shown 
in the upper part of Fig. 5, in which the tube traces a square-cornered sinuous 
path. The marginal distance s/2 at all ends and edges of the panel is one-half 
the tube spacing s. The facing sheet is slit midway between adjacent parailel 
tube passes, as shown by the dashed lines. Straightening the sinuous tube to 
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its developed length D results in the single straight tube panel shown in the 
upper part of Fig. 6. Inasmuch as this represents one element of a parallel grid 
system, the analysis presented here applies to either parallel or series flow 
arrangement of the water-carrying tubes. 

Section A-A, as shown in the lower part of Fig. 5, represents a typical cross 
section of the idealized or straight tube panel. In effect, the facing sheet now 
becomes two symmetrical fins attached to the tube. Mathematical consideration 


s 
— } 3 
t' WATER IN WATER 
IDEAL PANEL 
s 


ENLARGED SECTION; A-A 


hs* 
= t,) tanh 
hs? 


FACING SHEET TEMPERATURE 


DISTANCE FROM TUBE 


Fic. 5. IpEALIZED PANEL WITH TEM- 
PERATURE DISTRIBUTION AT TYPICAL 
Cross SECTION 


of the heat flow through and from each fin results in the temperature distribution 
indicated by the curves shown under the enlarged Section A-A in Fig. 5 and 
expressed by the equation, 


hx? 


in which cosh, tanh, and sinh designate hyperbolic functions. Similarly, the 
mean surface temperature, f,,, for Section A-A can be expressed in the equation, 


2 
(tm t,) = 


(te — tr) sth 
4kb 


A 
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The rate at which total heat per unit area is released from the panel at Section 
A-A is, 
which can be expressed, 
During heating service, the temperature of the water, /,, decreases as the 
water flows through the tube and this results in a similar decrease in panel sur- 
face temperatures, ¢, and ¢,,, as indicated by the curves in the lower part of 


Fig. 6. Consequently, the rate of total heat output per unit area, g4_,, also 
decreases from the inlet to outlet end of the panel, and it is necessary to integrate 


tert 
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Fic. 6. DEvELOPED SINGLE TuBE PANEL WITH 
TEMPERATURE DISTRIBUTION CURVES 


this effect along the tube in order to determine the thermal performance of the 
entire panel. 

The water, in passing through the incremental length of panel, dy, shown in 
Fig. 6, loses an amount of heat equal to that released by this short length of 
panel. This condition is expressed by the differential equation, 


dty 


—wp dy whs (tun — tr) dy 
and in terms of the temperature drop (ty-t,), across the joint, 
dty 


where c is the conductance of the joint per unit length of tubing. 
Because of the fact that: 


1. wp = 500G 
2. hs (tm —t;) =c¢ (ty —t,), by combining Equations 6 and 6a 
3. (tm —t;) =R (t, —t,), from Equation 3 

Equation 6 can be converted to the form, 


| 
| 
| 
dty hs Re 
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Solution of this differential equation results in the following expression for t, 
at any distance y measured along the tube from the inlet end where t, = t,, 


500G ARs+c (7) 


ty = + = tr) e 
From this it follows that, at the outlet end of the panel, 
sD 1 


Under equilibrium conditions, heat is released from the entire panel at the 
same rate as it is lost by the water; consequently, 


Combining Equations 8 and 9, 


sD 1 
Q = 5006 (tw _ THR) (0) 
The average rate of heat output per unit area for the straight tube panel becomes, 
sD 1 


and for the sinuous tube panel, 


in which R is a function of h, s, k, and b, as indicated in Equation 3. 

The rate of heat transfer is most commonly expressed by a coefficient times 
a temperature difference. Thus, for a uniform temperature panel for which the 
rate of heat transfer is expressed by Equation 1, the coefficient is h and the 
temperature difference is (f-t,). 

The rate of heat transfer per unit area at any Section A-A of a tube and sheet 
panel is expressed by Equation 5 in which the coefficient, which will be denoted 
by h’, is hR and the temperature difference is (t,-t,). Note that in this case, f, 
is the temperature at only one point in the section and that the reduction factor 
R is imposed upon the general coefficient h to compensate for the fact that for 
panel heating, all other points in the section are at temperatures lower than ¢,. 
The coefficient, 4’, which applies to the temperature difference (t,-t,) can, 
therefore, be stated as, 


(13) 


and Equation 5 becomes, 


| 
sth 
tanh Feb 
sth 
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The heat transfer rate per unit area at any Section A-A can also be expressed 
in terms of the temperature difference (t,-t,), by defining the coefficient, h’, 
which is actually the sum of the thermal coefficient of conductance of the joint 
plus the coefficient, h’. So, 

1 


and 
ga-a = h" (tw — te) (16) 


For the entire tube and sheet panel, the average rate of heat transfer per unit 
area can be expressed as, 


In this case, the temperature ¢,, is higher for panel heating than the tempera- 
ture at any other point in the panel. Consequently h’”” must result from a triple 
reduction imposed on /; one for the temperature drop across the joint; one for 
the temperature drop which occurs as the point moves away from the tubes; the 
other associated with the point moving along the tube path. The coefficient, 
h’’’, obtained from Equation 12 is, 


mma ( _WL 1 ) 


From this it can be seen that the first reduction operates through the relation- 
ship between the tube spacing s and the joint conductivity c, the second reduc- 
tion operates through R, and the third reduction is a function of the relationship 
between water flow rate G and the area of the panel WL. 

Use of Equations 17 and 18 permits calculation of the average rate of total 
heat output per unit area for a panel through the substitution of values for all 
pertinent design and operating factors. Whereas the analysis was developed 
on the basis of panel heating, it applies equally well to panel cooling, in which 
case the heat flow would be a negative quantity. 

In order to apply Equations 17 and 18, proper values must be determined for 
c in terms of flow rate and temperature and for h in terms of surface emissivity, 
air flow, and insulation above the panel. Analytical determination of these fac- 
tors is not within the scope of this paper, but the values obtained from tests 
are presented later. 


DeEsIGN CHART 


Calculation of h’” by using Equations 13, 15, and 18 is somewhat tedious and 
it is difficult to sense the relationship between h’” and h as determined by the 
other variables. Unfortunately, the reduction factors previously discussed are, 
in themselves, functions of -h as well as the other variables, but fortunately the 
reducing operation can be accomplished readily in three steps. The design chart 
presented in Fig. 7 can be used for this purpose. 


Example 1. Calculate the overall heat transfer coefficient referred to inlet water 
temperature for a panel operating under the following conditions: s=8 in. = % ft; 


+ 1/h’ 
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k = 86 Btu per (hr) (sq ft) (F deg per ft) ; b= % in. = % ft; c= 15 Btu per (hr) 
(ft of tube) (F deg); W = 4.25 ft; L= 14.00 ft; G=% gpm. 

Solution. In order to use the design chart, Fig. 7, it is first necessary to calculate 
s2/kb, s/c and WL/G which will be 0.5, 0.044 and 238, respectively. 

If it is assumed that h is known, h’” can be obtained from the design chart by 
following the course indicated by the dashed lines. The chart is entered from the right 
hand abscissa at the value of h, such as 2.15 for the example. The vertical dashed line 
is followed until it intersects the curve for which s?/kb = 0.5, at which location it can 
be observed that 4’ = 1.97 on the ordinate. This ordinate line is followed to the left 
until it intersects the curve for s/c = 0.044. By dropping vertically to the inclined base 
line h” is found to be 1.81. Proceeding horizontally to the right to intersect the 

_curve for WL/G = 238 and dropping vertically, the value of h’’” = 1.22 is found on 
the abscissa. This value for h’” is approximately 57 percent of that assumed for h. 


Example 1 was selected as representing one of the test panels and will be 
referred to later when the heat output of the panel is calculated. 


EXPERIMENTAL DETERMINATION OF HEAT TRANSFER COEFFICIENTS, hh AND C 


The theoretical analysis can now be checked with the experimental results, 
but the experimental data must first be reduced to the terms of the theory. 

The choice of an experimental value for the mean heat receiver temperature, 
t., is a difficult one, since ¢t, should actually be a weighted mean of several air 
and surface temperatures. Heat is lost from the panel to the room air by con- 
vection, to the walls and floor by radiation, and to the space above the ceiling 
by conduction, convection, and radiation. The proportions lost in each manner 
are influenced by panel emissivity, air velocity, and probably panel temperature. 
However, in this work, the experimental value of mean receiver temperature, ¢,, 
was assumed to be equal to the weighted mean of ten measured temperatures on 
the walls and floor of the test room. An average panel surface temperature, ty, 
was obtained by taking a weighted average of six measured surface temperatures 
at points directly under the tube and four points midway between tubes. 

With values for Q/A, t,, and ty, it was possible to obtain an experimental value 
for the heat transfer coefficient, iy, from Equation 1, employing the calculated 
value of ty in place of t. However, it can be seen from the theoretical analysis 
of a typical cross section that the value of average surface temperature, ¢,, may 
be considerably different from the actual mean surface temperature ¢,, because 
the temperature distribution between tubes follows a logarithmic path rather than 
the straight line assumed in determining t,. Therefore, a relationship between 
the actual mean surface temperature ¢,, and the measured average temperature 
t, was determined from Equation 2, and a similar relationship was assumed to 
exist between temperature ty; and ty for the whole panel. Thus: 


sth 


2 sinh 


tm — ty 


th 2h 
[ cok tkb | 


By this relationship, hy was converted to hy (which approximates h of the 
theoretical analysis) for each test. 
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The experimental values of hy determined from Equation 19 represent several 
panel surface emissivities and two air flow conditions. In order to show the 
effect of emissivity and air flow velocity on the heat transfer coefficient, Fig. 8 
was constructed by plotting average values of hy against emissivity for each 
of the two air flow conditions. The data points in Fig. 8 represent the average 
of values of hy for all tests run at each condition of emissivity and air flow. 

The lower of the two solid curves in Fig. 8 represents data from tests made 
with the perforated air diffuser partition erected along the inlet air wall of the 
test room. With this arrangement, the air flow velocity was considered to be 
less than 10 fpm. The upper solid curve in Fig. 8 represents data from tests 
made with no diffuser partition and with the louvers on the inlet air grilles 
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turned half up and half down. With this arrangement, the average of air veloci- 
ties was 25 fpm. 

The dashed line in Fig. 8 represents the variation of hy with emissivity, «, 
for cooling tests involving inlet water temperatures of 60 F and air flow veloci- 
ties of less than 10 fpm. That the heat transfer coefficient is higher for cooling 
than heating is explained by the fact that in cooling the natural convection 
causes the warm air to continually rise and replace the cooler air next to the 
cold panel. In the case of heating panels, there is a layer of very warm air 
against the ceiling panel which tends to remain near the ceiling and this lack 
of air motion retards the release of heat by convection. 

This conclusion is supported by the fact that the coefficients for heating and 
cooling are nearly identical for the tests at the higher air velocity of 25 fpm, 
Fig. 8. In this case, there is sufficient forced air movement to cause removal 
of the layer of warm air at the ceiling, thus increasing the convection heat trans- 
fer. Thus, the heat transfer coefficient is nearly identical for heating and cooling 
when there is appreciable air motion across the panel surface. 

A thorough study of the effect of emissivity, air motion, and temperature upon 
the surface heat transfer coefficient 4 was beyond the scope of the work reported 
in this paper. However, the values shown in Fig. 8 are believed to be typical 
of those to be expected in ceiling panel installations. 

The coefficient of heat transfer from the water in the tube to the panel surface 
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under the tube c was also determined from the experimental data. This coeffi- 
cient was calculated by the equation: 


(Q/A) (s) 


The heat transferred per unit area of panel, Q/A, was determined for each test, 
as previously described. The average temperature difference, At, was determined 
for the whole panel by subtracting the average of six measured under-tube sur- 
face temperatures from the average of three measured water temperatures for 
each test. 

Considerable variation occurred among the values calculated for this coeffi- 
cient. However, Equation 20 shows that for a given heat transfer rate, the 
value of c varies inversely with the temperature difference. With this type of 
relationship, for small values of At, such as were generally encountered in these 
tests, a small change in At will produce a considerable change in c. In these 
tests, the measured values of At ranged from zero to approximately 10 deg with 
an average of 2.4 deg for all tests. Thus, small errors in the measurements of 
At could be expected to produce rather wide variations in the values obtained 
for c. Actual values of c varied from approximately 4 to 120 Btu per (hr) 
(ft of tube) (F deg) with the average level of c being influenced by flow rate 
and temperature. 

Although there was considerable variation in the experimentally determined 
values of c, it can be shown by the analytical equation that, for a large change 
in c above about 10 Btu per (hr) (ft) (F deg) there is a very small change in the 
heat transfer rate, h’’’. Therefore, the following average values of c, Btu per 
(hr) (ft) (F deg) were determined for heating and cooling at the indicated 
water flow rates: 


1 Gem Gem 


These values of c are believed to be sufficiently accurate for a brazed joint 
that provides a short, wide heat path of high conductivity. However, with other 
types of joints that provide a lower overall conductivity, more accurate deter- 
minations of c would probably be necessary, since the overall heat transfer rate, 
h’’’, becomes quite sensitive to variations in c at low values of c. 


CoMPARISON OF EXPERIMENTAL AND CALCULATED PERFORMANCE 


Theoretical panel performance Q/A for each of the test conditions in Table 1, 
was determined through the use of the design chart, Fig. 7, in accordance with 
the previously described method using values of h selected from Fig. 8 and the 
values of c reported in the previous section. 

For example, the panel used to demonstrate the application of the design chart 
had been painted with an ivory paint that gave a surface emissivity of 94 per- 
cent. With the test room inlet air duct louvers adjusted half up and half down, 
the average air velocity across the panel surface was 25 fpm. For this emis- 
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sivity and air velocity condition, the heat transfer coefficient h from Fig. 8, was 
found to be 2.15, the value used in the design chart example. When the panel 
was used for heating at a water flow rate of 44 gpm, the joint heat transfer 
coefficient c was shown in the previous section to be 15.0. Using these values 
of h and c, the overall heat transfer coefficient h’’’ was found from the design 
chart to be 1.22. Q/A was then determined by multiplying h’” by (t,,-t,). 
The average value of t, for all heating tests was 75 F. Consequently, for inlet 
water temperatures of 180, 160, and 120 F, the values of (t,-t,) were 105, 
85, and 45 deg, respectively. Multiplying these values by h’’” = 1.22 gave values 
for O/A of 128, 104, and 55 Btu per (hr) (sq ft). Similar calculations were 
made for all test conditions and are presented in Table 1 as the lower value in 
each block. 

In general, the agreement between actual test results and calculated perform- 
ance improved with increasing panel temperature. As might be expected, the 
greatest differences occurred for the cooling tests. On the whole, 46 percent 
of the calculated values were within +5 percent of the measured values, 75 
percent were within +10 percent, and 90 percent were within +15 percent. 
In the worst case, the theoretical value was 33 percent greater than the experi- 
mental. 

The fact that the actual values of the heat transfer coefficient varied con- 
siderably from the average values used in the calculations is the primary cause 
of differences between test and calculated performance. When the actual experi- 
mental value of hy, for each test was used to calculate performance, 60 percent 
of the calculated values were within +5 percent of the measured values, 93 
percent were within +10 percent, and the greatest deviation was 16.7 percent. 
Substitution of actual values of c and (ty; — ¢,) in the calculations further im- 
proved the agreement. 


CoNCLUSION 


It can be concluded that reasonably accurate predictions of the thermal per- 
formance of a wide variety of aluminum ceiling-type heating and cooling panels, 
(including types in which aluminum panels are fastened to tubes by mechanical 
means such as clips) can be made through the use of the design chart (Fig. 7) 
or Equations 11 or 12 and properly selected values of all contributing factors. 
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DISCUSSION 


C. S. Leopotp, Philadelphia, Pa. (WrittEN): The data on panel cooling in this 
paper apply to the specific conditions of the tests; namely, a given temperature 
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difference between room air and panel, a given temperature difference between mean 
radiant temperature of the room and panel, and a load consisting in part of recessed 
fluorescent lights and in part of warm air. 

If the load were changed to consist of surface mounted partly indirect fluorescent 
lights, or of filament lighting only, the required water temperature to accomplish the 
same heat removal would be considerably closer to the room air temperature than 
indicated in this paper. If a portion of the heat removal were accomplished by the 
cold air which may be used for ventilation, there would be a more than proportionate 
decrease in the required difference in temperature between panel and room air which 
would have the effect of producing a large increase in the apparent value of h. The 
value of A in this paper, for an emissivity of 0.9, is given as 2.1. In our tests, as 
reported to 4.S.R.E. in 1947 2, for a completely cooled ceiling with no heat released 
above the panels, the apparent value of h varied from 1.89 to 14.3, depending on the 
type of luminaire used, the percentage of the work which was done by the ventilating 
air, and the surface finish in regard to its absorption for the radiation from a luminaire. 

In a paper presented to A.S.R.E. in 19483, we reported our findings on the effect 
of the solar load, using a scale model of a building, an artificial sun, and a completely 
cooled ceiling. In this case the apparent value of 4 varied from a low of 2.18 to a 
high of 2.88, depending upon the type of glass and shading device used. These values 
are significantly higher than those published in this paper and lead to the conclusion 
that, if the actual nature of the load is analyzed, either less panel or panels at higher 
temperature can usually be used. 


In a paper presented to THE AMERICAN Society OF HEATING AND VENTILATING 
ENGINEERS in January, 19514, we presented the data on ceilings which were cooled in 
part. It was considered that in the over-all picture, some use should be made of the 
top surface of the panel. Acoustical engineers have stated that for office use ample 
sound correction could be obtained with only 40 percent of the ceiling in the form of 
perforated panels. By exposing the top of the panel, the panel can remove thermal 
energy from the slab of the floor above, a portion of the energy which is transmitted 
through the uncooled portions of the ceiling and energy released from recessed lumi- 
naires. For the part paneled ceiling and a load due te solar radiation the tests indicated 
apparent values of h varying from 3.26 to 4.22. 

Tests in the original cubicle for a load due to artificial illumination with 29 percent 
of the ceiling in the form of cooling panels, show an apparent h varying from 2.54 to 
4.29, depending on the type of luminaire and the chemistry of the white paint. 

A cooling panel which in part formed the reflector for a troffer fluorescent light 
is also shown, and here the direct interception of radiation, conduction and restrained 
convection results in a still higher fictitious value of h. 

It appears desirable to emphasize that the performance of a cooling panel depends 
not only on its emissivity at low temperature but on its absorptivity for the radiation 
emanating from the heat load and that, in general, the larger the portion of the heat 
load which is initially in the form of radiation, the higher the apparent performance of 
the panel. The concept of h = h,+ he as a constant which may be used over a wide 
range of conditions is not correct unless a separate analysis is made of the relatively 
high temperature radiation from the heat causing source which actually reaches the 
cooled panel, and the mean radiant temperature of the surfaces seen by the panels is 
either measured or calculated. 


2 Mechanism of Heat Transfer, Panel Cooling, Heat Storage, by C. S. Leopold (Refrigerating 
July 1947). 


3 Mechanism of Heat Transfer, Panel oe Heat Storage; Part II, Solar Radiation, by C. 8. 
Leopold (Refrigerating Engineering, June 1948). 


* Design Factors in Panel and Air Cooling Systems, by C. S. Leopold (see Chapter 1409, p. 61). 
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I believe an over-simplification of this problem will lead to the selection of more 
cooling surfaces or greater temperature differences between room air and panels than 
are actually required. 


J. E. Murray, San Francisco, Calif.: Would the finished appearance of a panel 
having an emissivity of 0.94 be acceptable esthetically? 


L, E. Seerey, Durham, N. H.: You indicated two methods of introducing air, but 
did not refer to both in your slides. 


Avutuors’ CLosure (E. S. Howarth): With reference to Mr. Murray’s question, 
the ceiling panels having an emissivity of 94 percent do present a good appearance. 
This value was obtained through the application of three finish coats of interior flat 
ivory paint. The light appearance was similar to that observed for most ceilings, 
even those which are not treated for thermal or acoustical performance. It is not 
necessary for the ceiling to be dark in color when its thermal performance is desired 
to approach that of a “black body”. 

The two different methods of introducing air, mentioned by Dean Seeley, were 
utilized to evaluate the effect of air motion on the convective component of the total 
heat released or absorbed by the ceiling panels. Reference to Fig. 8 indicates that the 
values for h are functions of air flow as well as emissivity and that the effect of 
variations in air f.ow was greater for heating operation than for cooling. 

Mr. Leopold’s discussion and caution concerning the selection of proper values for 
h are in accord with the authors’ thinking on this subject. He is correct in saying 
that the data presented in this paper apply to the specific conditions of these particular 
tests. In fact, this investigation was initiated because of a fear that available values 
of h might be too high to be used for conditions which would exist in the 30-story 
office building under consideration. In this building, the solar load is diminished 
through the use of relatively small window areas and by the heat absorbing glass 
which is utilized in the double glazed window construction. It was also known that 
recessed fluorescent lighting fixtures would be installed flush with the ceiling. 

Determination of h involves consideration of the mean temperature of the heat 
source, fr. In this work, t; was the weighted mean temperature of those floor and wall 
surfaces seen by the ceiling panels. The average air temperature was observed to 
have approximately the same value as tr. However, in additional tests, not reported in 
this paper, auxiliary side wall panels were utilized to provide local heat sources. 
When their temperatures and areaS were incorporated in the weighted value for fr, 
the values determined for A did not change appreciably. In Mr. Leopold’s work, 
described in his Reference (2), apparent values of h varied from 1.89 to 14.3, but the 
value used for t- was the measured air temperature at the 5-foot level. This method 
gave no weight to the radiating temperatures of the floor and walls, and excluded 
the important contribution of the position, area, and temperature of the luminaire. 
These factors contribute to the wide variation in apparent values for h. Those values 
of h reported by Mr. Leopold for conditions in which both the top and bottom 
surfaces of the ceiling panels were active are, as might be expected, about twice as 
great as those reported in this paper for panels which were insulated on the top side. 

The authors do not minimize the difficulties encountered in determining true 
values for h and believe that use of apparent values simplifies the analytical procedure, 
provided that such values are available for the design conditions. 
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LABORATORY STUDIES OF THE THERMAL 
CHARACTERISTICS OF PLASTER PANELS 


By C. M. Humpureys*, C. V. Franxs**, anp L. F. Schutrum***, 
CLEVELAND, OHIO ~ 


This paper is the result of research carried on by THE AMERICAN 
SOCIETY OF HEATING AND VENTILATING ENGINEERS at its Re- 
search Laboratory located at 7218 Euclid Ave., Cleveland 3, Ohio. 


gpa SOCIETY is engaged in a comprehensive research program on panel 
heating and cooling. The work described in this report was conducted under 
the general direction of Group A, Technical Advisory Committee on Panel 


Heating and Cooling. This group has the responsibility for investigations of 
heat transfer and temperature distribution within, and behind, the panel. 

It is recognized that the heating panel is only one element of the complete 
thermal circuit in a panel heating system, and that the panel performance is 
influenced by the space and the five surfaces of the room which it sees. In 
keeping with the scope of the directing committee, this paper deals only with 
the heat flow to the panel face and the heat flow to the back of the panel. The 
modifying effects of the surroundings will be studied in a calorimeter room 
now being constructed at the Research Laboratory, under the direction of 
Group B of the Technical Advisory Committee. 

This report presents the results of laboratory studies on four plaster panels, 
representing three conventional types of ceiling panels. Secondary effects, such 
as temperature variations on the panel surface, also are included. 


PANEL CONSTRUCTION 


The plaster panels were constructed on wood frames, 6 ft square, with joists 
in the test section located 16 in. on centers. The method of framing may be 
observed in Fig. 1, a view of the back of panel No. 3. 


*Senior Engineer, A.S.H.V.E. Research Laboratory. Member of A.S.H.V.E. 
** Research Fellow, A.S.H.V.E. Research Laboratory. Member of A.S.H.V.E. 
*** Asst. Research Engineer, A.S.H.V.E. Research Laboratory. Junior Member of A.S.H.V.E. 


Presented at the Semi-Annual Meeting of THe American Society or HEATING AND VENTILATING ENGI- 
NEERS, Portland, Ore., July 1951. 
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Each panel contained 17 tubes, or pipes, located 4 in. center to center. Details 
of panel constructions are given in Table 1 and Fig. 2. 

Plastering was done by an experienced craftsman on the panel frames sup- 
ported overhead in a horizontal position. Three-coats of plaster conforming 
to the standard specifications for gypsum plastering! were applied to each 
panel. The first (scratch) coat consisted of 1 part unfibered neat gypsum 
and 2 parts sand, by weight. The second (brown) coat consisted of one part 


. 
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Fic. 1. Back View oF PANEL No. 3 SHOWING 
FRAMING DETAILS 


of unfibered neat gypsum and three parts of sand, by weight. The finish coat 
consisted of 3 parts lime putty and 1 part gaging plaster, by volume. 

A Gypsum Association representative, who was familiar with field practice, 
was present to observe and give advice when the first panel was plastered, since 
it was important to obtain tube embedment typical of that found in the field. 


Test APPARATUS AND PROCEDURE 


Test apparatus and procedures were essentially the same as those used for 
the concrete panel tests reported in a recent paper.2 The panel to be tested was 
placed between two heat absorbers, as shown in Fig. 3. By maintaining the 
heat absorber temperatures at the proper levels, it was possible to control the 
heat flow rate from each side of the panel. The heat flow rates were measured 
by heat flow meters incorporated in the absorber construction. Guards were 
placed along the four sides of each absorber to eliminate edge losses. 


1 Exponent numerals refer to References. 
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The tubes or pipes embedded in each panel were connected to headers to form 
a grid-type coil. A ground key cock was provided on each tube to permit, by 
selective valving, tests with 4, 8, 12, and 16 in. tube spacings. The temperature 
of the water to the panel could be held constant at any desired value. 

A more comprehensive description of the heat absorbers, fluid circuits, and 
methods of measurement, is given in a recent paper* on concrete panels. 

Panel temperatures were obtained by copper-constantan thermocouples located 
in a line running across the center of each panel at 90 deg to the tubes. For a 
width of eight tube spaces, the couples were located 1 in. apart as shown in 
Fig. 2. Across the remainder of the panel, couples on the face of the panel and 
on the lath were spaced 4 in. apart, each couple being in a vertical plane passing 
through a tube axis. Thermocouples on the finished panel surface were cemented 


TABLE 1—DEeETAILS OF PANEL CONSTRUCTION 


PANEL S1zE AND TYPE LocaTION DEPTH OF 

No. TUBING ®, IN. OF TUBES Type oF Latu Coverd IN. 
1 3¢ non-ferrous Above lath Expanded metalb 34 
2 34 non-ferrous Below lath Expanded metal» 
3 V4 ferrous pipe Above lath Expanded metal¢ 34 
4 34 non-ferrous Below lath Gypsum lath 3% 


a Non-ferrous tubing sizes are nominal. Ferrous pipe size is IPS. 
b Flat rib type weighing 2.5 lb per square yard. 

e Diamond key type weighing 3.1 lbs/ sq yd. 

4d Nominal thickness of plaster under tubes. 


into small scratches in the plaster. Those on the tubes and metal lath were 
soldered in place. 

In general, each series of tests was made with tube temperatures that were 
held constant, and with absorber temperatures that were varied to produce heat 
flow rates of the desired magnitude. Temperature distribution and heat flow 
rates from both sides of the panel were determined for each test. 

Tests were made without insulation on back of panel, and also with 11% in. 
or 3% in. bat-type insulation laid on the back of the plaster. The nominal con- 
ductivity of the insulation was 0.27 Btu per (hr) (sq ft) (F deg per in.) Other 
tests were made with a double yellow pine floor on top of the joists approxi- 
mately 6 in. above the back of the plaster. 

After completion of the initial work on panel No. 1, back-plaster was applied 
to a depth of approximately 3/16 in. over the bare tubes, from which it was 
tapered down to the metal lath. The area covered by this back-plaster was 
approximately 60 percent of the area of the panel. A few tests were then made 
to compare panel performance with and without back-plaster. 


METHOD oF ANALYSIS 


Test data were correlated by developing an empirical relationship between 
panel output and the difference between the average tube temperature and the 
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average panel surface temperature. The relationship is expressed by the equation 


where 
AT = the difference between the average tube temperature and the average 
panel surface temperature, Fahrenheit degrees 
ga = rate of downward heat flow from the ceiling surface, Btu per (hour) 
(square foot) 
qu = rate of upward heat flow from the back surface, Btu per (hour) (square 
foot) 
a and b = coefficients, the values of which depend upon tube size and spacing, type 
of lath, location of tubes with respect to the lath, degree of tube embed- 
ment, and other variables in the panel construction. 


Expanded 
Metal Loth 


Plaster Tubing 


Expanded 
Metol Loth 


PANEL NO. 3 
Ploster 4" z Tubing 4 
PANEL NO. 4 


Fic. 2. PLaster PANEL SECTIONS 


AT, qa, and q, were determined experimentally in each test. For each pair of 
tests on a given panel with given tube spacing two equations were written. Each 
involved the same two coefficients, a and b. The values of a and b were deter- 
mined by solving these pairs of equations simultaneously. 

The coefficients a and b of Equation 1 were found to be almost independent 
of the amount of insulation for a given panel construction and tube spacing. It 
seemed feasible, therefore, to develop average values for these coefficients that 
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would be applicable for any condition of back insulation. These average values 
of a and b for the four panels tested are given in Figs. 4 and 5. The experi- 
mentally-determined temperature difference for 90 percent of the tests was within 
15 percent of the values calculated from the curve values of a and b. While 


Metal Loth ond Ploster Upper Absorber Guards 


Tubes 


Guords Lower Absorber Air Spoce 


Fic. 3. SECTIONAL VIEW OF PLASTER PANEL AND 
ABSORBERS 


somewhat closer agreement could have been obtained with a different set of 
curves for each insulation condition, the slight increase in precision that would 
have resulted did not seem to justify such procedure. It should be noted in 
Fig. 4 that the values of coefficients a and b for panels 1 and 3 are almost the 


Panel No.1 - nonferrous tubes Ponet No. 2- tubes below metal loth 

above metal loth | Panel No. 4- tubes below gypsum icth 

Pane! No.3 - ferrous pipe Y 2 
above metal lath ———— 
2's Z 5 1.6 
5 LZ 
° 
| z 12 ali 
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Fic. 4. CorFFICIENTS AND b For Egua- FIG. 5. COEFFICIENTS AND b FOR 


TION AT = aqa-+bqy: Panet Nos. 1 ann 3 EQUATION AT = aqq+-bqy: PANEL 
Nos. 2 AND 4 


same. This is to be expected, since the panels are of the same general construc- 
tion and differ only in type and size of tubes. 


EFFECTIVE PANEL CONDUCTANCE 


If the effective conductance of the panel, C,, is defined as the downward heat 
flow in Btu per (hour) (square foot) (Fahrenheit degree difference between 
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average tube temperature and average ceiling surface temperature), then C, = 
qa/AT, or by Equation 1 


Ce = ga/(aga + bqu) 
or 


C. = iffe + 


In Fig. 6, values of effective conductance C,, calculated from average values 
of a and 8, are plotted against the ratio q,/qq for panel No. 1. Experimentally 
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Fic. 6. ComMputep CuRVES AND EXPERIMENTAL VALUES OF 
EFFECTIVE CONDUCTANCE: PANEL No. 1 


determined points for different conditions of insulation are plotted to show their 
agreement with the averaged values. The curves of effective conductance shown 
in Fig. 6 are almost identical with those obtained for panel No. 3, and may be 


TaBLE 2—VALUES OF EFFECTIVE CONDUCTANCE, g3/AT 


4 IN. TUBE SPACING 8 In. TUBE SPACING 
| | | | | = 07 
qd qi qa qa 
1 2.1 1.75 1.5 1.00 0.85 0.70 
2 4.3 3.65 3.2 1.55 1.30 1.10 
3 2.1 1.8 1.6 1.00 0.85 0.70 
4 3.7 3.4 3.1 1.40 1.20 1.00 


considered typical for panels having partially embedded tubes located above 
metal lath. 

Fig. 7 shows curves of effective conductance C, vs. the ratio q,/qq for panel 
No. 2 (tubes below metal lath). These curves also may be used for panel No. 4 
(tubes below gypsum lath) without serious error. 

Table 2 gives a comparison of the effective conductances for the four panels. 
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Here, again, it will be observed that the values for panels Nos. 1 and 3 are 
almost identical. It is also interesting to note that the values for panels 1 and 3, 
having partially embedded tubes above metal lath, are much lower than for 
panels 2 and 4 having tubes completely embedded. 


EFFect oF BAcK INSULATION 


The effect of heat loss from the back of the panel is also illustrated by Figs. 
6 and 7. It will be noted that the effective conductance increases as the pro- 
portion of back heat loss or the ratio g,/qq decreases. 
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Fic. 7. ComMputTep CURVES AND EXPERIMENTAL VALUES 
OF EFFECTIVE CONDUCTANCE: PANEL No. 2 


To determine the effect of panel insulation, a special series of tests was made 
on panel No. 1. In these tests, the absorber and tube temperatures were held 
constant, while upward heat flow was varied by changing the insulation on the 
back of the panel. Test results are shown by the bar charts of Fig. 8. From the 
figure, it is evident that the upward heat flow, g,, is materially reduced and 
the downward heat flow, gg, is increased by back insulation. Thus, with an 
insulated panel a given rate of downward heat transfer may be obtained with 
a lower tube temperature than would be required with an uninsulated panel. 

Tests with back insulation applied to panels 2, 3, and 4 produced approxi- 
mately the same results as obtained for panel No. 1. The effects of back insula- 
tion, as shown in Fig. 8, may therefore be considered typical for all plaster 
panels. 

A comparison of test data indicated that when both were operated without 
back insulation, the back losses from panel No. 3 were approximately 25 percent 
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higher than for panel No. 1. The greater loss was attributed to the larger area 
of bare pipe surface on panel No. 3, and the fact that its emissivity was con- 
siderably higher than for the non-ferrous tubes on panel No. 1. This difference 
in back losses, however, disappeared as soon as insulation was applied to the 
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Fic. 8. Errect or Back INSULATION ON PANEL PERFORM- 
ANCE: PANEL No. 1 


back of the panels. Since good practice requires the use of insulation, there 
would appear to be no preference for either type of tube on this particular basis. 


EFFECT OF BACK-PLASTERING 


The data in Table 3 have been arranged to show the effect of back-plastering. 
All tests were made with panel No. 1 without back insulation, and with 8 in. 
tube spacing. A comparison of the results of two pairs of comparable tests indi- 


TasLteE 3—Data SHOWING EFFECT oF BACK PLASTERING ON PANEL No 1. 
No Back InsutatTion, 8 In. TuBE SPACING 


| No Back ! No Back | Back 


Back 

PLASTER | PLASTER PLASTER | PLASTER 
Downward Heat Flow, ga Btu/(hr)(sq ft)| 17.2 23.3 20.1 
Back Heat Flow, qu Btu/(hr) (sqft) | 240 | 32.5 15.1 | 26.0 
Tube to Avg. Ceiling Temp. Diff.,F Deg! 34.3 | 29.5 | 28.7 | 24.5 
| 139 | 139 | «+126 | ~~ 1.29 
Effective Conductance, ....... . 050 | 079 | 052 | 0.82 

Btu/(hr) (sq ft) (F deg AT) | (0.75) | (0.80) 

Upper Heat Absorber Temp. F Deg....| 65.1 | 64.7 | 76.4 75.2 
Lower Heat Absorber Temp. F Deg. .. | 655  § 64.7 | 75.6 74.7 


*Values for panel No. 2 for the same ratio of gu/qa and the same tube spacing. 
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cates that back-plastering caused an increase in heat flow from both sides of 
the panel, but that the ratio of the heat flow rates did not change appreciably. 

It will be noted that the effective conductance of the panel was increased ‘ 
appreciably by the application of back-plaster. In both pairs of tests the effec- a 
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Fic. 10. TEMPERATURE WAVE AMPLITUDE vs. TOTAL PANEL 
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tive conductance for the back-plastered panel compared favorably with that 
determined for panel No. 2 under similar conditions. Therefore, a panel with 
tubes above metal lath, which is thoroughly back-plastered, may be expected to 
perform essentially the same as one in which the tubes are fastened below metal 
lath. 


SURFACE TEMPERATURE WAVE 


A curve of the surface temperature of a plaster panel along a line perpen- . 
dicular to the tubes has a regular wave form, showing highest temperatures “ 
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immediately below the tubes and the lowest temperatures midway between the 
tubes. The amplitude of the wave increases with the tube spacing and total 
heat output, and is dependent somewhat upon the type of panel construction. 


Bock insulation - None 
Total panel output - 41.3 Btu per (hr) (sq ft) 
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Fic. 11. RELATIVE CEILING SuRFACE TEM- 
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A correlation of the temperature wave amplitude with tube spacing and total 
panel output for panels Nos. 1 and 2 is presented in Figs. 9 and 10, respectively. 
It is evident from the test points shown on the figures that the wave amplitude 
for a given panel output is independent of back insulation. Curves for panels 
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Fic. 12. RELATIVE CEILING SURFACE TEM- 
PERATURES UNDER AND Mipway BETWEEN 
HEATED TuBES FOR PANEL No. 1 
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Nos. 3 and 4 were fairly similar to those shown for panels Nos. 1 and 2, respec- 
tively. 

The tubes in panels Nos. 2 and 4 were thoroughly embedded in plaster, and 
the heat transfer from tube to plaster was fairly uniform as illustrated in Fig. 
11 by the curve showing the regular surface temperature wave for a typical 
test on panel No, 2. 
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In contrast to the regular temperature wave form shown for panel No. 2, 
Fig. 12 shows the variation in surface temperature and wave amplitude obtained 
for panel No. 1. These variations, observed with panels Nos. 1 and 3 were 
attributed to the non-uniform embedment of the tubes located above the metal 
lath. The portion of each tube of panel No. 1 in contact with the plaster was 
approximately the lower half (see Fig. 13). The pipe surface area in contact 
with the plaster in panel No. 3 was considerably less than 50 percent and this 


Fic. 13. Back VIEW oF PANEL No. 1 


may be observed from Fig. 1. The actual area of contact, however, was as great, 
or greater, than in panel No. 1. 

It should be emphasized that Figs. 11 and 12 are included only to show the 
character of the surface temperature wave pattern. The heat transfer rates for 
the tests shown in the figures are quite different, and the magnitude of wave 
amplitudes is not comparable. 


CoNCLUSIONS 


1. The difference between the average tube temperature and the average panel sur- 
face temperature can be related to the heat output from the lower and upper panel 
surfaces by the empirical equation 


AT = aqa + bqu 


2. Insulation on back of a plaster panel serves the following purposes: 


(a) It reduces upward heat flow. 
(b) It increases the average panel surface temperature for a given tube tem- 
perature. 
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(c) For a given downward heat flow it permits operation with a lower tube tem- 
perature than would be required if the panel were uninsulated. 

3. A more uniform ceiling temperature pattern is obtained with completely embedded 
tubes. The temperature wave amplitude is greater, however, on the surface of the 
panel having tubes below the lath than it is on the surface of a panel having partially 
embedded tubes above the lath. 


4. The back-plastering of a panel having tubes above metal lath increases its effec- 
tive conductance to such an extent that its performance is essentially the same as 
that of a panel with tubes located below metal lath. 
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DISCUSSION 


J. M. vANNIEUKERKEN, New York, N. Y. (Written): In their analysis of the 
test results on these panels the authors state that the coefficients a and b in Equation 
1 were found to be almost independent of the amount of insulation back of a given 
panel constructior and for a given tube spacing. Since no actual test values of these 
coefficients are tabulated in the report, while Figs. 4 and 5 merely present their values 
in the form of curves which were plotted on the assumption that they could be safely 
averaged, regardless of the amount or kind of back insulation used, it is impossible 
to check the accuracy of the foregoing statement. 

The reason I am concerned about this statement which the authors make without 
furnishing supporting data for it is two-fold: First, because, without giving proof 
at the same time for a statement which is evidently open to challenge by anyone 
interested, the value of such a statement, and therefore the apparent results arrived 
at from the research work done, is seriously undermined; second, if the curves for 
a and b were used to evaluate the upward and downward heat flows of a panel and 
to that extent become part of a new design method or be embodied in already existing 
methods, there would be no certainty that these so-called improved methods would 
give more accurate results or be more reliable than those now in use. 

Since AT is defined as the difference between the average tube temperature and 
the average panel surface temperature, it is suggested that, for clarity’s sake, the word 
surface be inserted both in the bottom line of the legend and in the right-hand ordi- 
nate title of Fig. 8. It appears that the effectiveness of this chart would have been 
still further enhanced if it had been possible to make AT the same in all instances, 
including that of No Insulation—No Floor. 

Although it is quite evident from Table 3 that the degree of embedment of the 
tubes in the plaster has considerable bearing on the uniformity of the panel surface 
temperature, as seems also illustrated by a comparison between Figs. 11 and 12, it 
would be interesting to know whether the fact that grid rather than sinuous coils were 
used might not have been a factor. If a corresponding chart were available for panel 
No. 3, this point might be cleared up. As it is, there can be no certainty that this 
lack of surface temperature uniformity was attributable altogether to non-uniformity in 
the plastering. In this connection it is of particular interest to note, as clearly shown 
in comparing Figs. 9 and 10, that the temperature wave amplitude in panels having 
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the tubes under the metal lath is for each output almost twice that of panels having 
the metal lath on the room side. 

It must be evident to anyone, both from the irregularity of the amplitudes them- 
selves and from the lack of uniformity of the temperature limit curves in Fig. 12 that 
the embedment of the tubes in panels 1 and 3 was not what it should have been, even 
if the plastering was done in conformity with the rules regarding acceptable work- 
manship. The statement in the report that in panel No. 3 considerably less than 50 
percent of the pipe surface was in contact with the plaster seems clearly indicative 
of even the experimenters’ beliefs that such embedment could not be considered the 
kind of workmanship needed to get the best results with ceiling type panels. Even 
though I am perfectly satisfied that the plastering of the panels done by the Laboratory 
was done as well as or even better than that in accepted commercial practice, lack 
of adequate, uniform embedment is, from a simple engineering standpoint, not good 
construction. I do not feel that results obtained from tests based on admittedly not- 
the-best-possible construction should be given the exalted position of scientifically 
established data on which dependable design methods should be reared. 

Of course we cannot, in practice, expect perfect workmanship. However, to set 
an attainable goal we ought to know what can be obtained by perfect workmanship. 
By gauging from perfect workmanship a percentage of perfection which can reasonably 
be expected by ordinary commercial good workmanship, we can learn what to expect 
in practice. For that reason it would seem that tests should be made on additional 
plaster panels, as was suggested already during the meeting of the TAC on Panel 
Heating and Cooling at the 57th Annual Meeting in Philadelphia, 1951. 

We are asked to be realistic in the matter, but are we asked to make allowances 
for indifferent workmanship when it comes to our war materials, jet planes, elec- 
tronic devices, radar or gun controls? Although not in the class, perhaps, of the 
machinist and the fine-cabinet maker, the plasterer is also an artisan, who differs in 
pride of skill, or art, from these mentioned only in degree. If we, therefore, from scien- 
tific research and experiment have learned that a somewhat better class of workmanship 
is required in plastering where radiant heating panels are concerned, should we 
hesitate to appeal to the plasterer’s pride or fail to set a somewhat higher standard 
in our plastering specifications for a radiant heating job? I believe that a little con- 
fidence in most people’s desire to do a good job would benefit all of us, and in this 
case make for better radiant heating installations. 

Another reason why it would seem desirable to have the Laboratory test additional 
plaster panels is that complaints have been coming in from certain areas of ceiling 
installations that have proved inadequate to heat the structures for which they were 
designed. In a number of cases this lack of capacity is believed to be attributable 
to the lack of understanding on the part of contractors and others of the effect of 
using plaster aggregates differing from those on which the design was based. This 
applies to the so-called light aggregates, such as perlite and various vermiculite 
mixtures which to a large extent are insulating and have K factors considerably 
under those given in THe Guipe for plasters ordinarily used up to a few years ago. 
Establishment by the Society of the k factors of the most prevalent of these modern 
plasters and insistence by the Society that design specifications be rigidly followed, 
in regard to materials, construction, and starting of the installation, would help to 
solve some of the problems to which the art of radiant heating is still subject. 


P. R. AcuensacH, Washington, D. C.: The authors have presented some very 
interesting data on the heat flow within plaster panels. It answers some of the oft- 
asked questions about the relative location of the metal lath and the tubing and the 
differences between ferrous and non-ferrous tubing. 

I would like to ask for a little clarification of one or two of the figures shown in 
the paper. It is stated that the temperature differences between tube and panel sur- 
face computed from the average values of a and b for 90 percent of the tests were 
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within 15 percent of the observed values. Do Figs. 6 and 7 include the tests that 
deviate by more than 15 percent? Was the variation in the amount of insulation the 
primary cause of the variation in the values of a and b? In developing Figs. 6 and 7 
it is suggested that the variations of effective conductance with different amounts of 
insulation could be neglected. In discussing Fig. 8 and Table 2 it is shown that 
the effective conductance varies appreciably between insulated and uninsulated panels. 

As near as I can read Fig. 8 the principal effect of insulating the back side of the 
panel is to reduce the upward heat flow. The downward heat flow was increased only 
about % Btu per hr (sq ft) or about 2 percent when 1% in. of insulation was used 
as compared to the double flooring. Doubling the insulation only increased the down- 
ward heat flow another 2 percent approximately. Relating these variations to the 
ratio of qu/qa magnifies their significance when the changes in the absolute values 
are very small. 

The condition represented in Fig. 8 where double wood flooring was used on the 
back side of the panel simulates the condition of a single panel delivering heat in 
both directions in a two-story installation. The upward heat flow was about 45 
percent of the downward heat flow. This result corroborates data obtained at the 
National Bureau of Standards in our two-story panel-heating calorimeter. When a 
single wood floor is used on the back of the panel the upward heat flow was only 
about 60 percent of the downward heat flow. This is not usually a suitable division 
of the heat between a first and second floor in a two-story house, and indicates that 
a single frame panel with tubing in plaster on the lower side will probably not heat 
a first and second floor equally. 


G. L. Wiccs, Montreal, Que.: This is a very interesting and valuable paper, but 
I feel that the average designer would have neither the time nor the inclination to 
go through the paper and do all the work involved to make practical use of it. 

For example, the total heat flow is expressed as a function of the temperature 
difference between the average tube temperature and the average panel surface tem- 
perature in Equation 1. None of this information is normally available to the de- 
signer, but he is interested in the downward output from varying water temperatures. 
The total heat output of a panel is of secondary importance except in special cases, 
and is usually only considered in sizing the pipes and the boilers. 

The interesting concept of effective conductance is proposed, but it varies with 
the ratio of upward heat transfer to downward heat transfer. If the upward heat 
transfer is not known, then no use can be made of the effective conductance. I believe 
that the value of the paper would be materially increased if it were possible to publish 
as an appendix: (a) Curves showing panel output downward to air at 70 deg with 
varying average water temperatures and with no insulation but with and without 
double floors, and (b) The same curves with the thicknesses of insulation used in 
the test. 


R. J. AprAMson, Chicago, IIl.: We have in our section of the country several prob- 
lems peculiar to our location that have to do with embedment depths of copper tubes 
in the ceilings and walls of radiant heated homes. With 1 in. thick plaster and an 
average embedment of % in., the following difficulties were experienced : 

1. Plaster dried and cured at approximately 70 F. No hot water circulated 
in the copper tubes—dark surface markings at the tube locations. (This was elimi- 
nated by maintaining an 80 F panel surface temperature. ) 

2. After one season of use, the ceiling developed long cracks parallel to the tubes 
and approximately midway between the tubes. Increasing the depth of embedment 
to 1% in. was partially successful. The use of 1 in. embedment with four (4) ounce 
muslin screeded into the white (finish) coat practically eliminated all troubles from 
this source. 

We feel that our knowledge of heated plaster radiant panels is inadequate for 
intelligent and economical construction. We believe a sound research program based 
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on average construction practices and on panels as normally located to be of vital 
use to the designer. 


E. S. Howartu.* New Kensington, Pa.: We are pleased to learn that the agree- 
ment between experimental and analytical results obtained in our paper on Aluminum 
Ceiling Panels for Heating and Cooling is of the same order, i.e., +15 percent for 
90 percent of the tests, as that reported in this work on plaster panels. The proximity 
of the upper and lower heat absorbers as shown in Fig. 3 raises a question concerning 
the possible influence of a temperature wave form, which might exist on the surfaces 
of the absorbers, on the observed temperature wave form for the test panel. 


AutuHors’ CLosure (C. M. Humpureys): Mr. vanNieukerken criticizes the state- 
ment that the coefficients a and b, which relate tube spacing to heat flow and tube-to- 
surface temperature difference, were found to be almost independent of the amount 
of back insulation applied to the panel. His criticism is well founded in that supporting 
data were not given. 

Before presenting supporting data for the statement being questioned it seems appro- 
priate to emphasize some of the difficulties involved. To be of real value, all of the 
data should be given, particularly in a problem of this nature for which a guiding 
analytical framework has not yet been developed. Since the results given in the 
paper are based upon over 180 individual tests, even the reduced data, let alone the 
raw experimental data would be voluminous. 

As indicated in the paper, the curves of coefficients a and b which relate heat flow 
to tube-panel surface temperature difference represent average values for all panels, 
whether they are back insulated or not. The extent to which test results deviate 
from the mean curves can be illustrated in two ways. First, the panel conductance, 
which is the observed downward heat flow divided by the observed tube-panel sur- 
face temperature difference, can be compared with curves calculated from Equation 2 
of the paper. Calculation of the curves involves selecting values of a and b from the 
curves of Figs. 4 and 5, and assigning convenient values to the ratio of upward to 
downward heat flow. This comparison was made in the paper in Figs. 6 and 7. The 
agreement of the test points appears to be satisfactory. Points representing insulated 
panels show no particular trend. The points given in Fig. 7 show more scatter than 
those in Fig. 6, but the points for uninsulated panels scatter to the same degree as 
those for insulated panels. The points for panels with double wood floors and 1% in. 
bat insulation lie on opposite sides of the curve. One would expect them to be nearly 
the same, since the thermal resistances are of the same order of magnitude. This is 
probably due to differences in the experimental set up. 

A second comparison can be made by computing values of AT by means of Equation 
1 and the values of @ and b as given by the empirical curves of Figs. 4 and 5 and 
comparing these results with experimentally observed values of AT. This has been 
done for a considerable portion of the data. Abstracts of this comparison are shown 
in Tables A and B. 

For panel No. 1 with 4 in. tube spacing, Table A shows that the calculated and 
experimental values of 47 are in almost exact agreement, for both the uninsulated 
panel and the panel insulated with 35% in. bat insulation. 

For the same panel with 12 in. tube spacing, Table B shows that calculated values 
are 5 percent above the experimental values for the uninsulated panel and 11 percent 
below for the panel with 354 in. insulation. The deviations of the calculated A7’s 
for panels with 1% in. bat insulation are 2 and 4 percent below the experimental 
values, for 4 and 12 in. spacings respectively. 

In the case of panel No. 2, with no insulation, calculated AT’s for 4, 8, and 12 in. 
spacings are 6, 13 and 3 percent above the experimental values. Tests on a 3% in. 


* Chief, Metal Working Division, Aluminum Research Laboratories, Aluminum Company of America. 
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bat insulated panel were made for 8 and 12 in. spacings only. AT7’s for these aver- 
aged 11 and 15 percent below the experimental values. 

In the case of panel No. 3, with no insulation, calculated A7’s for 4, 8 and 12 in. 
spacings were 8 percent below, 10 and 7 percent above, respectively. Tests on an insu- 


TABLE A—CoMPARISON OF EXPERIMENTAL AND CALCULATED AT 


Panel No. 1: 4” Spacing; a = 0.44, b = 0.30 


No INSULATION 3% IN. Bat 
AT AT 

qd du CaLc Exp qu CaLc Exp 

25.0 20.0 17.0 16.4 37.1 0.2 16.9 16.7 

16.2 20.7 13.3 13.3 13.6 0.7 6.2 6.9 

5.6 24.0 9.7 9.9 14.0 5.1 ee re 

7.5 8.6 5.9 6.7 36.7 4.9 17.6 17.5 
18.5 YA 10.4 10.4 

Ave 11.3 113 | Ave. 12.1 12.2 


lated panel were made with 8 in. spacing only. AT7’s for these tests were 5 percent 
below the experimental AT7’s. 

Thus it appears that the curves of a and b shown in Figs. 4 and 5 give calculated 
values of AT for both insulated and uninsulated panels with practical accuracy. The 


TasBL_E B—CoMPARISON OF EXPERIMENTAL AND CALCULATED AT 


Panel No. 1: 12” Spacing; a = 1.38, b= 1.19 


No INSULATION 356 IN. Bat 
AT AT 

dd qu CaLc Exp qd qu CaLc Exp 

12.9 19.7 41.2 38.3 21.3 2.7 32.6 31.1 

5.3 24.0 35.9 32.7 3.9 4.1 10.3 13.8 

8.7 12.4 26.8 27.5 5.7 0.9 8.9 11.9 

17.5 9.5 35.4 33.1 20.4 -1.6 26.3 30.7 
4.6 5.4 12.8 13.9 

Ave. 30.4 29.1 Ave. 19.5 21.9 


experimental results, however, indicate that A7’s for the same tube spacing and heat 
flow rates run a little higher for insulated panels than for uninsulated panels, but 
the differences were not great in the tests made on the panels described in the paper. 

It should be noted that the form of Equation 1 is such that AT depends upon the 
combined effect of a and b. For example, if the upward heat flow is small, as in 
an insulated panel, b can be varied considerably without appreciably affecting the 
calculated value of 47. The present curves result from repeated trial and error 
calculations to find the best fit for the data. 

We agree with Mr. vanNieukerken that everything possible should be done to 
improve the quality of the plastering job on a ceiling panel. We do not agree that 
tests should be made on perfect panels to develop data on which to design average 
panels. In constructing the test panels at the Laboratory every effort was made to 
duplicate good field practice. In his discussion, Mr. vanNieukerken, agrees that the 
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“plastering . . . was done as well or even better than that in accepted commercial 
practice... .” 

The average embedment of the tubes in panel No. 1 was approximately 50 percent, 
and it is doubtful if appreciably better tube embedment can be obtained without 
back-plastering. The non-uniform surface temperature wave shown in Fig. 12 is for 
this panel. While this lack of uniformity may be due in part to variations in tube 
embedment, the varying degree of contact between the tubes and the metal lath may 
have a very pronounced effect. 

It may be desirable to test a panel constructed with vermiculite or similar insu- 
lating plaster aggregates. Certainly the heat transfer data developed for ordinary 
gypsum plaster cannot be applied to insulating plaster. 

At best, the Society can do no more than suggest or recommend certain procedures 
for the design and construction of heating panels. It cannot insist that they be 
followed. 

Answering Mr. Achenbach’s questions in the order in which they were stated in 
his written discussion ; 

1. All of the test points, including those which deviated more than 15 percent from 
the curve values are shown in Figs. 6 and 7. 

2. The values of coefficients a and b were found to be almost independent of the 
amount of back insulation used. As shown in Figs. 4 and 5, the values of a and b 
were somewhat different for each panel tested, but the most important factor in 
determining their magnitude was the tube spacing. 

3. The curves of Figs. 6 and 7 were calculated by Equation 2 from the values of 
a and b taken from Figs. 4 and 5. As stated above, these values of a and b were 
found to be practically independent of the effect of back insulation. However, it does 
not follow that Ce, the effective conductance, is also independent of back insulation 
effect. In the laboratory, the ratio of upward to downward heat flow, gu/ga, could 
be varied by varying the absorber temperatures by using insulation, or by both methods. 
In practice, for a given installation and a given downward heat flow, the ratio 
qu/ga can be varied only by changing the thermal resistance of the heat path from 
the back of the panel. A low ratio of heat flow rates would require a well insulated 
panel. The curves of Figs. 6 and 7 definitely indicate an increase in effective con- 
ductance with a decreasing value of qu/ga. This is consistent with the results indi- 
cated in Fig. 8 and Table 2. 

It is possible that Mr. Achenbach was confused by the experimentally determined 
points for various conditions of insulation which are plotted on Figs. 6 and 7. These 
were shown primarily to justify the method of analysis used, and to further justify 
the statement that the values of a and b are independent of insulation conditions. 

Mr. Achenbach is correct in pointing out that the principal effect of back insulation 
is to reduce the upward heat flow. As stated in the conclusions of the paper, it also 
increases the average ceiling temperature for a given tube temperature, and in so 
doing, makes it possible to obtain a given downward heat flow with a lower tube 
temperature. 

Mr. Wiggs is correct in pointing out that the data, as presented in the paper, are 
not in the most usable form. The paper as first written included a simplified design 
procedure, but the TAC on Panel Heating and Cooling felt that that step should be 
omitted. A design procedure, based on the Laboratory test, should be developed and 
made available for use as soon as practicable. 

Actually, the application of the data presented in the paper is not as difficult as 
it may at first seem. The upward heat flow for a given condition of insulation can 
be readily approximated. Knowing this, and the desired rate of downward heat flow, 
the effective conductance can be determined from Figs. 6 and 7. 

Mr. Abramson has touched on a subject which is of great interest to everyone who 
is designing or installing plaster panel systems. However, since the work at the 
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Laboratory was confined to a study of the thermal characteristics of plaster panels, 
we have no suggestions to offer on the streaking and cracking of plaster. 

In answer to Mr. Howarth’s question, the variation in temperature across the sur- 
face of the absorber was extremely small. The refrigeration plate used in the absorber 
construction had liquid passages located only % in. center to center. Below each 
plate was a sheet of 3/32 in. aluminum which further reduced temperature variations 
across the surface. It is therefore safe to say that the temperature wave observed 
on the plaster panel surface was not in any way influenced by variations existing on 
the absorber surfaces. 
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OPTIMUM PANEL SURFACE DISTRIBUTION 
DETERMINED FROM HUMAN SHAPE FACTORS 


By F. W. Hutcuinson,* BerKELey, CALIF., AND 
Mert BAKER,** LEXINGTON, Ky. 


IGHT years ago, as part of a program of research sponsored by THE AMERI- 

CAN Society OF HEATING AND VENTILATING ENGINEERS in cooperation 
with the University of California, a progress report! was presented giving 
experimentally determined human shape factors for seated and standing subjects 
in rooms with 8, 10, 12 ft heated or cooled ceilings. The present report, sub- 
mitted long after conclusion of the cooperative panel heating project, supple- 
ments the original study by presenting data for a human subject with respect 
to a heated or cooled floor panel. 

The two major applications of human shape factors are: (1) In determining 
that distribution of heating or cooling surface (in a floor or ceiling that is not 
100 percent heated or cooled) for which the optimum uniformity of heating or 
cooling effect will be experienced by the occupants. (2) In determining the size 
of a heating or cooling panel for producing a localized region of greater warmth 
or of increased cooling effect; the importance of this second application is par- 
ticularly great in the solution of industrial problems such as occur in production 
lines or in large structures having low density of occupancy. 


THEORY 


In any heated or cooled structure, under conditions of steady state, the only 
condition which can lead to variation in the feeling of warmth experienced by 
: an occupant is change in the geometrical position of that occupant with respect 
to the surrounding surfaces. Thus, due either to movement from place-to-place 
in the room or to alteration of the geometry as by standing, sitting, or reclining, 
the radiant exchange between the occupant and the surroundings may be subject 
to variation. Maintenance of uniform warmth is a prerequisite to comfort, hence 
the designer must seek to minimize changes in net radiant transfer that occur 
due either to movement or to change in position. Analysis of such changes 
requires evaluation of the net transfer to-or-from the occupant. 


* Professor of Mechanical Engineering, University of California. Member of A.S.H.V.E. 
Pr Assistant Prof of Mechanical Engineering, University of Kentucky. Junior Member of 
H.V.E. 
Presented at the Semi-Annual Meeting of THe American Society or HEATING AND VENTILATING 
Enatneers, Portland, Ore., July 1951. 
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The geometry of an occupant with respect to his surroundings is expressed in 
terms of a shape factor which may be defined by Equation 1, 


dA, As 
Fa = (1/As) ff, 


(Tos)? 


where, 
F.. = shape factor of the occupant with respect to energy received from surface 
A,, or fraction of energy emitted by A, which is received by the occupant. 
fo. = distance between center of surfaces A, and As. 
oo = angle between 7., and normal to center of Ao. 
¢s = angle between 7,, and normal to center of As. 


The emissivity of an average clothed person closely approaches unity (hence 
the absorptivity is likewise close to unity) so the net transfer rate, by radiation, 
between an occupant and any surface which he sees is given by Equation 2, 


Gos = 0.172 (Fos) (As) [(72/100)* — (7./100)*] . . . . . (2) 
where 
Qos = net radiant transfer, Btu per hour from A, to occupant. 
é, = emissivity of the surface As. 
A, = area of the surface which the occupant sees. 
T;, = absolute surface temperature of As. 
T. = absolute surface temperature of the occupant. 


PROCEDURE 


Because of the complex curves and projections of the human body it is not 
possible by any convenient mathematical simplification to evaluate accurately 
the double-integral equation which defines the shape factor of an occupant with 
respect to a panel. The aesthetically pleasing diversity of human shapes is 
responsible for insurmountable technical difficulties with respect to the rational 
evaluation of either individual shape factors or an average human shape factor. 
The investigation reported in this paper was intended to provide accurate experi- 
mentally determined shape factors for an average person with respect to energy 
emitted by areas in the floor at varying distances from the point at which the 
subject is standing. As a check on the applicability of average man factors to 
markedly non-average individuals the investigators were fortunate in securing 
the anonymously-given services of some 10 subjects who collectively represented 
the extremes (for 95 percent of the population) of variation in height, width, 
depth, position of center of gravity, and maximum of local projection of the 
clothed human figure in profile and in full-face view. Since the shape factors of 
all but one of the boundary subjects were within plus or minus 4 percent agree- 
ment with the shape factor of the average subject (for floor areas more than 
5 ft 6 in. out from the position of the standing subject) it appears that the shape 
factors given here can be used with acceptable accuracy for any person whose 
figure is close enough to the accepted norm to permit escaping marked public 
attention. 

The experimental procedure followed in collecting data for this paper was the 
same as that used in the earlier investigation! of human shape factors with 
respect to wall panels and to ceiling panels. In brief summary, the test subject 
was a clothed dummy representing a 5 ft 10 in. man weighing 165 lb; the 
dummy was dressed in a two-piece suit, remained in standing position, and had 
both arms at its sides. Shape factors were determined experimentally by means 


1 Exponent numerals refer to Bibliography. 
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of a mechanical integrator of the type proposed by Hottelf and developed by 
Boelter¢f and associates. Since the earlier tests showed that full-front shape 
factors agree closely with full-back factors and that front semi-profile factors 
differ but little from rear semi-profile shape factors the present investigation 
was limited to a determination of full-face and of front semi-profile values. The 
data for these two positions can then be readily interpolated and extrapolated 
to permit development of a complete field for each of the four identical quadrants 
which make up the floor region within an 18 ft radius of the subject. 

Since the exchange rate, for a fixed position of the occupant, is the sum of 
the exchange rates for all unit areas of the panel, the problem resolves itself 
into a determination of the exchange variation between a fixed unit area (or 
infinitesimal area) of panel and a moving occupant. More simply, the experi- 
mental data can be collected for a system in which the occupant retains a fixed 
position and the element of panel is moved. 

As used in this research the mechanical integrator was placed directly over 
the point selected to represent the center of the elementary panel area. From 
this position a beam of light from the integrator was directed around the outline 
of the subject. For each such determination the integrator drew a closed curve 
on a piece of paper. The area within the curve was determined with a planimeter 
and divided by an instrument constant to obtain the shape factor of the subject 
with respect to energy emission from the point source located at the center of 
the elementary panel area. Shape factors were obtained at 1-ft intervals from 
the dummy to a maximum distance of 18 ft. Re-determinations were made at 
each point at least three times and never less than the number of times required 
to assure reproducibility of results. 


New ExXperIMENTAL RESULTS 


Floor Panels. Fig. 1 presents the two basic curves which summarize the new 
experimental data. The abscissa can be considered as representing either the 
distance from a fixed subject to various elements of floor area or the distance 
from a fixed element of floor area to a subject who is moving around in the 
room. The ordinate is numerically equal to the fraction of energy emitted by 
a diffuse floor surface which will be intercepted by the standing subject; the 
shape factor assists in determining irradiation of the subject, but not energy 
reception, since the latter depends on the absorbtivity of the receiving surface. 
With very few exceptions the materials ordinarily used for clothing have emis- 
sivities substantially greater than 90 percent, hence, for practical engineering 
calculations it is usually sufficiently accurate to assume that all long-wave length 
irradiation is absorbed by the subject. 

Examination of Fig. 1 shows that maximum irradiation occurs from areas 
2 ft out from the subject and that beyond this distance there is a very rapid 
falling off of the shape factor. Five feet out from the subject the fraction of 
energy leaving the floor which strikes the occupant is under 2 percent and 7 ft 
out, this fraction has decreased to less than 1 percent. Beyond 10 ft less than 
one-half of 1 percent of the energy emitted by a warm floor will provide irradia- 
tion of the occupant. For an occupant remaining in a fixed position—as in some 


t Radiant Heat Transmission, by H. C. Hottel, (Mechanical Engineering, Vol. 52, 1930). 
+f A Mechanical Integrator for the Determination of the Illumination from Diffuse Surface Sources, 
by V. H. Cherry, D. D. Davis, L. M. K. Boelter, (J.£.S8. Transactions, 1939). 
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kinds of factory work—it is evident that maximum effectiveness of local heating 
(or cooling) would be attained by providing a heated ring of floor surface 
having an inside diameter of approximately 3 ft 6 in. and an outside diameter 
of 4 ft 6 in.; the average direct radiant transfer from this ring to the occupant 
would be of the order of 7 percent hence, per unit area, the ring would be some 
700 to 1000 percent more effective than uniform heating of the entire floor area. 


APPLICATION OF FLoor DaTa 


The data of Fig. 1 can be used directly to determine the shape factor of any 
floor panel of any size or shape with respect to a standing subject in any posi- 
tion, either on or off of the panel. The procedure is to divide the panel into equal 
areas (preferably not larger than 2 by 2 ft on the sides) and determine the 
distance in feet from the subject to the center of each such area; then reference to 
Fig. 1 will give the shape factor of the subject with respect to energy received from 
each of the areas and the average of the individual area shape factors will be 
equal to the shape factor of the subject with respect to energy received from the 
entire panel. By the same method the variation in energy reception from a given 
panel as a function of the position of the occupant can be readily investigated. 
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A knowledge of human shape factors is necessary in the design of local radiant 
systems for either heating or cooling, and in the determination of optimum dis- 
tribution of heated or cooled surface in a room for which the total load is insuffi- 
cient to justify 100 percent coverage. The first of these problems requires special 
study for each individual application and the procedure is identical with that 
described in the preceding paragraph. The second problem more readily lends 
itself to generalized solution hence will be given more detailed consideration in 
the following section. 


OpTIMUM SURFACE DISTRIBUTION 


Floor Panels. In any panel heated or cooled enclosure the designer must 
establish environmental conditions such that uniform warmth will be experienced 
by the occupant irrespective of his position in the room. This condition requires 
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minimum variation in the direct transfer of radiant energy between the occu- 
pant and the primary heating or cooling surface. Referring to Fig. 2, Curve A 
shows the percentage of maximum shape factor that would exist as an occupant 
moved backward or forward along a line 10 ft out from a small element of 
primary area; when 7 ft out from the area the irradiation rate would be 10 
percent of that corresponding to a distance of 2 ft out. 

Curve B of Fig. 2 shows variation over the same 10 ft line, but with small 
primary areas located 5 ft out from the center of the line on either side; in this 
case substantial improvement in uniformity over the conditions of Case A has 
been achieved. Curve C is for the unit area located at the center of the 10 ft 
line and again shows improvement over the arrangements of Curves A and B. 
Curve D, for unit areas at each end of the line, is practically equivalent to Curve 
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C as far as maximum variation goes, but is less effective because of the rapid 
change in shape factor at a distance 2 ft in from each end of the line. 

Fig. 3 provides an extension of the condition shown by Curve D of Fig. 2 
(which curve is reproduced, for purposes of comparison as Curve D of Fig. 3). 
Curves A, B, and C of Fig. 3 are for line panels of 4, 20, and 40 ft, respectively, 
centered at either end of the 10 ft line and normal to it. Reference to these three 
curves will show that both the center and end droops of the shape factor varia- 
tion decrease with increasing length of the line panel. For lengths beyond 20 ft, 
however, the influence of panel length on droop is very much reduced. 

Fig. 4 shows the variation for the case of a line panel parallel with the path 
of the occupant and either superimposed on it (Curve A) or a distance of 5 ft 
out (Curve B) or 10 ft out (Curve C). Once again it is immediately evident 
that uniformity of direct radiant transfer increases as the panel moves farther 
away from the subject. Although Fig. 4 does not show curves for panel dis- 
tances greater than 10 ft out, a simple analysis by the method already described 
will demonstrate that there is relatively small improvement in uniformity for 
panel distances appreciably greater than 10 ft. 

Comparing Curves B of Fig. 3 and B of Fig. 4, it is noted that these two 
types of panel distribution complement one another. From this fact it appears 
that an excellent degree of uniformity of primary radiant exchange would be 
attained in a room 10 by 10 ft if the heated section of the floor were limited to 
a band running around the periphery of the room. For a room 20 by 20 ft 
excellent distribution would be achieved by a peripheral panel combined with 
two center line cross-panels which would make the distribution equivalent to that 
in four adjacent 10 by 10 ft rooms. The present analysis does not provide suffi- 
cient data to warrant the conclusion that 10 ft spacing of the strip panels is 
optimum, but the reader can readily verify that 10 ft is more effective than any 
lesser spacing and is but little less effective than any greater spacing. 

For the great majority of rooms that are heated or cooled by means of floor 
panels the required ratio of panel surface to total floor surface is so great that 
no attempt can be made to achieve uniformity of direct transfer by selective 
distribution of panel surface. The possibility does exist, however, of improving 
distribution in such cases by designing for a higher surface temperature in the 
2- or 3-ft wide peripheral section; with sinuous coil or grid-coil panels this can 
be done by spacing the pipe or tube more closely in the peripheral section. Aside 
from increased uniformity of direct transfer such peripheral emphasis is also 
desirable, particularly near outside walls, as a means of offsetting coldwall effect 
and thereby improving uniformity of the overall heat balance (as contrasted 
with uniformity of direct primary transfer). 


INTEGRATION OF ALL EXPERIMENTAL RESULTS 


Fig. 5 obtained by interpolation and extrapolation of the data from Fig. 1, 
visualizes the occupant as standing at the center of coordinates and facing in 
the positive direction of the y-axis. Each curved line of the figure represents a 
locus of points on the floor around the occupant for which the shape factor has 
constant value; such iso-shape factor lines permit direct visualization of the frac- 
tion of energy emitted by any point on the floor and striking the occupant. Thus 
from a point on the floor 2 ft to the right and 2 ft ahead of the occupant 4 per- 
cent of the emitted energy would be received by the occupant ; the remaining 96 per- 
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cent of emitted energy would miss the occupant and be received by interior surfaces 
of the room. Although values of the shape factor shown on the figure are 
specifically determined for point sources they are nonetheless applicable to any 
finite area of panel over which the average shape factor approaches with ade- 
quate engineering accuracy the value of the shape factor at the center of that 
area. To determine the shape factor of occupant with respect to any large area 
(as a floor panel) the panel can be sketched on Fig. 5 in its proper position with 
respect to the occupant and the overall shape factor then determined as the 
average (not the sum) of shape factors of selected unit areas of the large panel. 
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DISCUSSION 


R. G. VANpDERWEIL, Boston, Mass. (WritTEN) : Human shape factors with respect 
to floor areas together with those in respect to wall and ceiling areas, will supply 
the designing engineer with the data required for the solution of a number of special 
heating and cooling problems. It will help in the design of cooling systems for 
spaces such as rooms containing great numbers of business machines or other heat 
generating equipment; even more important, it will enable the engineer to design 
the most economical heating systems for large industrial plants where aisle locations 
are fixed for present as well as for future operation. It is conceivable that by the 
use of properly located floor panels in such buildings, large fuel savings may 
be obtained. 

With reference to the application of the human shape factor to the design of 
conventional room heating systems, I should like to express appreciation of the 
authors’ remarks on the great majority of heated rooms. It appears that in the 10 by 
10 ft room a shallow circumferential coil presents an ideal solution of the heating 
problem—if none of the walls are outside walls and the ceiling or roof loss is fairly 
constant through all points of the ceiling. 

However, as the authors point out, when one of the walls of this room is an outside 
wall, and therefore had a considerably lower surface temperature than other room 
surfaces, it will be necessary to concentrate the heat output of the floor or ceiling 
panel in the area adjacent to this wall. 

We should remember that maximum comfort in a room, in regard to heat inter- 
change by radiation, will be maintained if the difference between heat loss and heat 
gain per square inch of human body—front, back or side—remains constant no 
matter where the occupants may be located within the room. 

I should not necessarily desire to steadily occupy a room designed according to 
such principles for fear that I may grow stale and miss the refreshing effect of a few 
cold spots. However, extreme variations of the heat balance of a human body within 
a room should be avoided. The heating designer became aware of these principles 
many years ago when he removed the radiator from the inside wall and replaced 
it by radiation under the window. 

A complete analysis of radiation conditions within a room would have to consider 
radiation influx from the heated panel superimposed over the radiation loss of the 
human body to the cold outside wall and glass. 
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This paper is the result of research carried on by THE AMERICAN 
SOCIETY OF HEATING AND VENTILATING ENGINEERS at its Re- 
search Laboratory located at 7218 Euclid Ave., Cleveland 3, Ohio. 


| 8 peed T control is an important subject relating to: (1) fuel economy, (2) 
safety, (3) comfort from even heating rates, and (4) design of appliances 
and chimneys. 

The Research Technical Advisory Committee on Combustion has recom- 
mended the barometric draft control as needing research study. A survey of 
the practical aspects of design and performance? led to a program being outlined 
with the objectives: (1) to determine representative basic data needed to im- 
prove barometric draft-control design and performance, (2) to aid effective 
designs and installations by an exposition of physical principles, and (3) to work 
toward possible standards of value to the industries concerned. The initial steps 
reported here comprise: (1) damper mechanics, and (2) damper through-flow 
characteristics. 


DEFINITION 


A barometric draft control is defined as an automatic, adjustable, or factory- 
set, self-contained, draft-actuated device the purpose of which is: (1) to prevent 
excessive draft on a fuel-burning appliance, and (2) to make the appliance draft 
nearly independent of chimney draft over the normal range of operation. This 
device is to embody moving parts which operate by opening a by-pass from the 
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surroundings into the flue pipe, or by restricting the flow in the flue pipe, or 
both, in accord with the magnitude of the appliance draft. 

The barometric draft control is generally applied to coal or oil burning instal- 
lations and is not to be confused with draft hoods used in gas installations. 
(Instances also are known where these controls have been employed in ventila- 
tion systems. ) 


Scope oF INVESTIGATION 


Performance rating or selection of a barometric draft control requires either : 
(1) an actual test of whatever complete draft system is involved, or (2) availa- 


Fic. 1. Barometric DraFt ControLts STUDIED 


bility of proper fundamental data of such a nature that a trustworthy perform- 
ance prediction may be made. The program outlined is dedicated to the second 
alternative, which calls for the synthesis of system performance from component- 
element data. 

To obtain exemplifying data on physical principles, four types of barometric 
draft controls were selected; these are illustrated in Fig. 1 and described in 
Table 1. Only units in an unused condition were studied. Effects of service 
deterioration were beyond the scope of the first part of the program. Further- 
more, only static or equilibrium behavior was investigated; problems of dynamic 
behavior were left untouched. 

Fig. 2 introduces and orients the constituent aspects of the present studies. 
Each topic is subject to planned design control with the aid of a few careful 
experiments. 
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DAMPER MECHANICS 


Referring to Fig. 2, damper mechanics comprises analysis of design details, 
the actuating forces producing damper motion, and whatever positioning char- 
acteristics may be desired. 

An installed barometric draft control positions itself through force action and 
thereby produces flow regulation. The damper position is the common factor 
in tying damper mechanics to flow phenomena. 


PROGRAM 
ITEMS 
ight 
| pamper Design 
Genter of Gravity (1) 
Location DAMPER 
| MECHANICS 
Torque Components Damper Damper 
other than | Equilibrium fF Assembly 
Damper Weight Torque Weight 
Damper Position 
(angle) 
Damper Bleed 
Droft Flow Rate 
(2) 
- THROUGH- 
Static & Impact Damper Form FLOW 
Pressure Forces>— STUDIES 
on Damper Dimensions 
Torque - Force Bleed Flow 
Coefficient Coefficient 


i 
a Remoinder of Program J 


| [ (3,4, 
| Aree | | Sofety | Comfort from (5), (6) 
: Even Heating 


Fic. 2. INTER-RELATIONSHIPS STUDIED 


Rotation results from torque action. As long as the rotating damper assembly 
operates as a rigid body, the torque required to balance the assembly at any 
angular displacement from free rest is defined, following Fig. 3, as 


where 

L = balancing torque, pound-inches. 

W = weight of all rotating parts, pounds. 
r = distance between center of gravity and axis of rotation, inches. 
o = angular displacement from free rest. 


The center-of-gravity location is of outstanding operating importance. A 
fully-closed damper generally is not in the free-rest position. Establishing the 


q 

| 


| | | 

‘Sursnoy | | | 
pure sadwep uaamjaq | 
aoeds | | 
Zz y8no1y} 
ic} -ins WOJj 
MOY (Jsneyxa | JO sixe jo 
PA -de) uni-y3no1y} | apis aj1soddo uo yno 
= JO | Surpuazxa ‘pos aoue 0} suid 
sourquioy -]eq papeoiy) | Uo sodweqd 69'0 10% 
‘dieys aie sadpa Sulinp wae 1039as 
Jadwieq jo sod | Suoye puaq yorum 
| SIXB MOJAq puke aAOge | 0} Jos | sBuLIds Jooys Aq 
paupe ary | papeasy) Suopy poqoddns sodweqg €£80°0 FOF 
| 
-da1 Jadurep ‘gory Jodurep 
paurpour jo ay} 0} pue 0} asojd 
> apis pue saddn Ppapuadsns 0} suid 
5 punose sassed wie aps Suoyy | uo sazejo1 61F0 62'1 
3 *‘paAojdwia 
x, sadwiep 
3 yorq-pauin} pue ‘zodwep pury 
“UOT}RIOI JO SIXR | paexy YIM 
puke aAoge | sadwep 0} | SZuoye yorym 
sary | pepeasy) Suoyy | sixe sodweq | 9910 | 
2 | 
< ‘SNOISNAWIG. INaWIsniay LuOddNS SIXy IVE ONILVLOY 
(‘az1s janp jourmou sof 24902 ) 
GaLsa] AO SAMALVAY—]T ATAVE 


BAROMETRIC DRaAFT-CONTROL ANALYSIS, BY NOTTAGE, LOCKLIN, HUEBSCHER 393 


center of gravity, therefore, requires either: (1) tests, or (2) a design analysis 
from a drafting-table layout. The first of these approaches was followed in the 
present instance and results are contained in Appendix A. 

A review of Fig. 4 yields practical interpretations of center-of-gravity behavior 
for a rigid rotating assembly : 

1. In a position of free rest (i.c., no external torque) the center of gravity will be 
at point Aj, vertically below the axis. 

2. The torque will be a maximum at a rotation of 90 deg from A; to Ae. 


Axis of 
Rotation 


of Rototion 


on 
L 
Cent f 
| 
Ay fa 
Direction of 
Opening Damper 
bad Positive Balancing 
Positive Torque Torque 
Fic. 3. Damper-WEIGHT TorQUE Fic. 4. QuapRaNt NotaTION FOR 
ABOUT AXIS CENTER-OF-GRAVITY LOCATION 


3. For any center-of-gravity position in quadrants III or IV, as As, the torque 
equilibrium is inherently stable. 

4. For any center-of-gravity position in quadrants I or II, as A4, the torque 
equilibrium may easily be unstable. 


Torque Data: Balancing-torque data were obtained by applying a known ex- 
ternal torque to each damper with the aid of an apparatus which permitted either 
the damper frame, the damper blade, or both, to assume any rotational position. 
(These tests were made mechanically with the damper frame mounted separate 
from any duct attachment.) Determinations are summarized in Figs. 5, 6, 7 
and 8. The solid lines in each instance are sine curves drawn to give the best 
fit for the test points, except for Fig. 7, Damper C, where a sine curve would not 
apply because of the torque contributed by the spring supports. The dashed 
curves in Fig 6 are interpolations. 

In an actual draft-system installation, a pressure difference across the damper 
produces a torque. The damper moves until the pressure-caused torque (herein 
called the balancing torque) comes into balance with the restoring torque which 
arises from the weight of the rotating assembly, plus the action of springs or 
similar external attachments. Torque equilibrium requires that the balancing and 
restoring torques have the same magnitude, but opposite directions. 
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Referring back to Fig. 4 for the free-swinging dampers, the points of zero 
and of maximum balancing torque represent, respectively, locations A, and A, 
for the center of gravity when they are separated by 90 angular degrees in a 
sequence of torque increasing with angle. One hundred and eighty angular 
degrees from free rest is also a position of zero torque, but here the equilibrium 
is unstable except for aid from possible frictional restraint. 
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Fic. 5. Torgue-Position DATA FoR DAMPER A 


Every effort was made to eliminate friction from the data reported. A special 
friction study in the case of Damper A gave the comparison shown in Fig. 5. 
The anti-friction points were obtained with the damper axis rolling on drill-rod 
supports, whereas the frame data were taken with the regular sheet-metal sup- 
ports. General magnitudes of the friction torques are summarized in Table 2. 
Pertinent interpretations for the individual cases follow. 

Fig. 5, Damper A: The similar curves for the same free-rest positions indicate 
a balance-weight adjustment causing the center of gravity to move along a line passing 
through the axis of rotation. In this condition, one balance-weight setting would 
give zero torque for all positions, which would be a case of neutral equilibrium except 
for friction’s restraint. 

Fig. 6, Damper B: The joining of all curves in essentially a single point at the 
full-open position is a consequence of the balance weight being adjusted along a rod 
suspended below the damper and perpendicular to its face. 
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Fig. 7, Damper C: The combination of a spring torque with the weight-displacement 
torque is one means of obtaining a departure from the sine-curve form. 

Fig. 8, Damper D: These curves are sine curves with maxima outside the range 
of normal operation. (The curves, as drawn, refer to the damper mounted in the 
position sketched. The damper also can be operated if turned upside down with the 
balance weight range shifted to correspond.) 
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Fic. 6. DaTa For DAMPER B 


Siebility: The equilibrium between the balancing and the weight torques will 
be stable when the center of gravity is in quadrants III or IV. A change in the 
balancing torque will merely cause a shift to a new balance position. 


TaBLE 2—APPROXIMATE SUPPORT-FRICTION TORQUES FOR THE TEST DAMPERS 
(Applicable to the Middle Range of the Torque Curve) 


FRICTIONAL TORQUE 
DAMPER PERCENT OF BALANCING TORQUE 
A® 1lto3 
B lto2 
Cc nil 
D 2to3 


a On sheet-metal track. 
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When the center of gravity is in quadrants I or II, the equilibrium may be 
unstable. Imagine, for example, the damper at rest in some location such as A, 
in Fig 4 and consider the two cases: 


1. The balancing torque is decreased by a small amount and held constant at a new 
value. The weight torque then will exceed the balancing torque, and the center of 
gravity will fall spontaneously until a new equilibrium is reached in quadrant III. 

2. The balancing torque is increased by a small amount and held constant at a new 
value. The weight torque then will be less than the balancing torque and the damper 
will swing farther open until it strikes a limiting stop or until the center of gravity 
finds a new balance in quadrants III or IV. 


Design may prevent unstable performance. In some instances, air flow effects 
may reduce tendencies toward instability, although this has not been examined 
in the studies thus far. 


1.0 
 Domper D 
7 Domper B 
Domper C —— 
3 0.6 
Damper A 
ra) 
| 
“=20 ° 20 40 60 80 


DAMPER ANGLE, am - Degrees from Reference 


Fic. 9. BLeep Flow CoeEFFICIENTS 


Design Possibilities: From an appraisal of existing designs, it appears that 
full advantage has not been taken of an analytical approach to the principles of 
damper mechanics. Further discussion is given in Appendix A. 


DAMPER THROUGH-FLow CHARACTERISTICS 


This phase of the program considers the practical analysis of: (1) the rate 
of air flow through a damper opening, and (2) the torque exerted on a damper 
by the pressure difference across it and the flow passing through it. Referring 
to Fig. 2, these studies culminate in data on two coefficients, one applying to 
the rate of flow and one to the actuating forces. Damper positions and flow 
rates, in turn, may be predicted from these coefficients in combination with 
torque-position analyses. 

Coefficient Data: Dampers were mounted on the open end of a straight duct 
and two types of tests were run: (1) damper angle fixed and air flow rate 
variable, and (2) damper swinging free and air flow rate variable. Damper 
angles were measured optically and damper draft was measured at a static pres- 
sure tap close behind the damper frame. 

For Damper D, involving a combination of bleeding and appliance-flow 
throttling, two test series were needed: (1) with the appliance-flow duct open 
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and the bleed entirely blocked, and (2) with the appliance-flow duct sealed and 
the bleed operating alone. 

The bleed flow coefficient, employed to represent the flow characteristics of 
a damper bleed opening, is defined as: 


Cc 28.8W (2) 
p 
where 
Cp = bleed flow coefficient, dimensionless. 
W = flow rate, pounds per second. 
A. = bleed opening area, square inches. 
AP p = damper draft, inches of water. 
e/e>o = ratio of intake air density to standard density, dimensionless, where pp is 


0.075 pounds per cubic foot. 


With intake from the rocm, there is no velocity-of-approach factor. 

Area A, was taken (by graphical determination) as the minimum cross- 
sectional area open for flow around the damper. The relationship between A, 
and damper angle is controllable by design. 

Fig. 9 shows magnitudes of Cg; these were found to be independent of W for 
(APp p/p.) from 0.005 in. water to the upper test limit of 0.15 in. water. Fig. 
10 shows corresponding A, magnitudes. The reference damper angle here is 
the same as for the torque data. 

For Damper D, tests with the bleed sealed disclosed an appliance-flow coe ffi- 
cient defined as: 


28.8W 
Ca = — V1 (Aa/Apd)? ....... (8) 
AaVAPB 
where 
Ca = appliance flow coefficient, dimensionless. 
Ax = appliance flow opening area at damper, square inches. 
Ap = cross-section area of appliance duct approaching the damper, square 
inches. 
APs» = pressure difference across the damper blade, inches of water. 
e/eo = ratio of air density in duct approaching damper to standard density, 


dimensionless, where e, = 0.075 pounds per cubic foot. 


Equation 3 contains a velocity-of-approach factor. Fig. 11 shows magnitudes 
of C, and A, for Damper D. 

A torque-force coefficient serves to represent the force acting on a damper 
at any particular angular position and is defined as: 


27.7L 1 


where 


Cr = torque-force coefficient, dimensionless. 
L = damper equilibrium torque, pound-inches. 
A, = oe og area exposed to pressure difference represented by AP p, square 
inches, 
R = distance between center of pressure on A, and axis of rotation, inches. 
a = damper angle, measured as in Figs. 9 and 10, angular degrees. 
AP p = damper draft, inches of water. 
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From Damper Me i Test 
Subscript d indicates derived [w] 


curves, other curves are From Free Swinging Tests 

direct experimental data 
Subscripts 1,2 and 3 indicote [A] From Fixes Angle Tests 
constant values of y, 
ond L |S | s 

L = torque 
&+= angular position relative = Yo 
to some convenient | 


reference 
y = balonce weight setting 
oP = domper droft 
W= moss flow rate 


Fic. 13. ScHEMATIC REPRESENTATION OF THE INTER- 
RELATIONSHIPS OF PERFORMANCE VARIABLES 


The product A, cos @ represents the pressure-surface area projected on a 
plane that is normal to the duct axis for Dampers A, B and C. For Damper D, 
A was the area of the curved surface (exposed to APp) projected on the chord 
of the surface. The distance R was obtained by assuming that all parts of A, 
were exposed to the same pressure-difference force. Table 3 gives magnitudes 
of A, and R. 

Torque-force coefficients are summarized in Fig. 12. Comparative drag- 
coefficient data are shown for a flat plate in a free stream?. These indicate the 
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magnitude of the torque-force coefficient which would prevail for a simple flat 
plate in a free stream with no influence of a supporting frame or adjacent duct 
walls. That the coefficients for the free plate and the damper should be the same 
order of magnitude strengthens the principle adopted. 

The greater coefficient for Damper C as compared to A and B reflects the 
influence of sharp edges and a different flow pattern through the bottom of the 
damper opening. 

Coefficients were found independent of W over the test range of drafts. 


DISCUSSION 


Coefficient data cannot be generalized on the basis of the four exploratory 
tests reported. The flow-coefficients however are compatible with orifice and 
nozzle coefficients, and the torque-force coefficients are reasonable in comparison 
to aerodynamic drag data. Tests to establish coefficients are quite simple, and 
the present results should serve as a guide for preliminary estimates. 

Fig. 13 shows the inter-relationships of Fig. 2 in more specific detail. These 
curve families are simple and rapid to use, and, from them, it is possible to: 
(1) predict through-flow performance under any desired condition, and (2) 
analyze the effects of design changes upon performance. The procedure is based 
upon physical principles and involves a minimum of experimental data. 

Extension of the program as outlined would establish additional relationships 
to link with those of Fig. 13, until eventually the entire draft system would 
be studied. 


CoNCLUSIONS 


1. The entire torque vs. position relationship is controllable by design, and attainable 
possibilities do not appear to have been exhaustively analyzed in current practice. 

2. Flow coefficients and torque-force coefficients offer a simple basis for treating 
through-flow characteristics. 

3. Results obtained are favorable to the concept that barometric draft controls and 
draft systems may be designed or matched to meet preestablished requirements in 
terms of: (a) desired appliance performance, (b) known chimney performance, (c) 
adequate flow and thermal data for the flue sections connecting the appliance and the 
chimney, and (d) analytical methods of developing or diagnosing draft-control 
performance. 
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APPENDIX 
Design Considerations and Further Possibilities 


THE EQUATION OF THE TORQUE-PosITION CURVE 


For rigid rotating damper assemblies, the torque-position relation is Equation 1 
L = Wrsing 


If there are forces involved from springs, bellows, eccentric-suspended weights, or 
the like, the relationship becomes 


i 


402 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


0.25 
z 
$ 
o 
2 N | > 
20.15 60 
= 
Fic. A. ANGLES OF FREE al 
REST AND CENTER-OF-GRAV- =~ 
1TY DIsTANCES FoR DAMPER A 
: 
z 
2 


0.05 3 80 
90 
\ 
2.5 


L = Wrsing + f(d) . 
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where f (¢) is the net contribution of these latter. Damper C is an example of 


this type. 


Considering only the simple rotating Dampers, A, B and D, the torque principle 
is well illustrated by giving the center-of-gravity location as a function of balance- 


weight position; see Figs. A, B, and C. 


The center-of-gravity location requires two coordinates, one a distance from the 
axis of rotation, r, and the other an angle. The angular positions for the torque 
curves, Figs. 5, 6, 7 and 8, were referred to arbitrary convenient damper positions. 
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Let a denote this angular scale, taking positive a in the direction of an opening 
damper. Let a denote the free-rest position on the @ scale, as given in Figs. A, B, 
and C. Then, with ¢ the angle from free rest, 


Equation 1 on the a scale is then 


The method for determing r was to find the sine curve, Equation 7, which gave the 
best fit to the test points over the entire range of the data. 
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DesicGn COMMENTS 


In accord with the impression from existing practice that an analytical design 
approach has not generally been followed, a few comments may be pertinent. 
Features of Shape and Assembly: Damper shapes observed have had the simplest 
form consistent with a good appearance and economy of manufacture from sheet stock. 
What few cast or machined parts might be employed were of an inexpensive nature. 
Liberal tolerances were generally evident. An occasional factory-set compensation of 
the balance system was noted. Parts were generally, but not exclusively, enameled or 
otherwise rust-proofed. Design Recommendations : 


1. When flow-test data are available, it may become justifiable, and equally 
economical, to consider other than simple circular or rectangular damper shapes. 

2. If discrepancies in torque characteristics between supposedly identical dampers 
are found serious, some sort of factory-set compensation may be justifiable to maintain 
the design torque relationship. 

3. It would be helpful to keep the supports for the rotating parts and all movable 
elements of the balance-weight adjustment accessible and in view. Disassembly for 
for cleaning should be simple. 

4. Materials should not permit easy corrosion and should withstand temperatures 
encountered. 
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Nature of the Balance-Weight Adjustment: Several types of adjustment have been 
observed. No extensive recognition seems to have been given to the role of this 
adjustment in locating the center of gravity. Design Recommendations : 

1. Give careful study to the influence of the balance weight and its adjustment upon 
the torque-position curves. A simple relationship between balance-weight position 
and actuating draft would be very helpful for adjustments in the field, and a setting 
scale might be developed. 

2. Consider how sensitive the location of the center of gravity should be made to 

slight variations in balance-weight settings. This is largely controlled by the shape 
of the adjustment member. 
Weight of Rotating Parts: Table 1 includes the weight data for the dampers tested. 
These will serve as representative figures. The less the weight, the less will be the 
inertial resistance to draft disturbances and the more rapid will be the response of 
on-off appliance operation. Design comments are: 

1. A lightweight damper can be made more sensitive than a heavy damper to slight 
changes in draft conditions; on the other hand, its low inertia may give flutter 
tendencies. 

2. A damper made of thicker stock should have greater durability and better 

withstand thermal expansion effects. 
Suspension of Moving Parts: Three types of suspensions have been noted, namely: 
(1) bearings, (2) axis rolling along track, and (3) springs. What happens to different 
suspensions when subjected to the dirt and temperatures encountered in the field has 
not yet been observed, but it seems that a thoughtful design could avoid difficulties. 
Further design considerations may be justified to obtain different torque curves by 
means of: 

1. A practical suspension which will vary the distance between the center of gravity 
and the axis of rotation as a function of damper position. 

2. Incorporation of springs, bellows, or eccentric weights in the suspension. 
Support Friction: Friction at the supports has been found very small for new 
dampers. The effects of severe service conditions have not been investigated. Design 
refinements are possible to reduce friction still further if needed and economically 
warranted. 

Torque-Position Relation: The relation between balancing torque and angular position 
is a sine curve for rigid dampers rotating about a line axis and which do not employ 
external forces to influence the balance. Various further possibilities are: 

1. Some means of varying the location of the center of gravity of the rotating parts 
as a function of damper position. 

2. Introduction of spring forces, or something similar such as bellows. 

3. Use of auxiliary weights to give a torque independently variable with angular 
damper position. 

Designers should give thought to the question of stability as related to the torque- 

position curve. Automatic adjustment of the torque-position relationship in accord 
with other combustion controls also may offer advantages. 
Center-of-Gravity Location: A design pre-determination of the location of the center 
of gravity allows the entire torque-curve relationship to be predicted without need 
for tests. Variations appear innumerable, and exhaustive explorations are not evident. 
Flow and Torque Coefficients: Possibilities from changes in damper and flow-passage 
forms do not appear to have been investigated. 


DISCUSSION 


R. K. Tuoutman, Washington, D. C. (Written): The work which the authors 
have concluded in connection with the investigations of barometric dampers is most 
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significant in underlining the insufficiency of existing knowledge of the behavior of 
draft systems. The importance of more complete data on draft systems is apparently 
not fully realized by the profession or by the industry. This is especially the case 
with those of us who are directly concerned with residential heating. 

In the operation of every household fuel-burning device, the draft system requires 
far more serious consideration than it has received to date. The barometric damper, 
in its several forms, has been used primarily as a device to limit draft—to keep 
draft from getting too high. Such use assumes that the draft produced by the flue is 
more than enough to assure a proper operation of the fuel-burning appliance. For this 
reason, the operation of draft control devices leaves much to be desired during the 
critical period of heating-up which follows the initial start of an automatically 
controlled appliance. The need for a barometric damper which will remain closed, 
and tightly closed, until the desired limit is reached, is apparent. It is equally apparent 
that the design-concept of barometric dampers commonly used might be critically 
examined. Such a critical examination can be profitable to the profession and the 
industry if the work described in the paper is intelligently applied. 

I have observed with great misgiving the tendency of installing contractors to omit 
draft regulators from residential heating installations. This occurs frequently in 
installations in houses where the chimneys are low and the available drafts are of 
the order of one or two hundredths of an inch. An impressive proportion of houses 
of this type are of limited volume and of tight construction. Few people have realized 
that an assured supply of air to the fuel-burning appliance is just as important as 
provision for the disposal of combustion products through a flue. It is an essential 
part of what the authors term the draft system. 

It will be unfortunate if the work done so far is not continued for lack of 
appreciation of its importance to house heating. The need for a comprehensive study 
of the entire draft system is certainly far more important than many of the research 
projects now underway. In the Director’s letter transmitting a copy of the paper 
to me for comment, I was invited to suggest whether any further work should be done 
in this field by the Society. It seems to me that further work, expedited by an 
enlightened appreciation on the part of the Committee on Research, is necessary and 
essential if the Society’s contribution to the public is to be advanced. 

I suggest we concentrate on those things which, in my opinion, the public, the 
industry, and the profession are more directly and more widely concerned. I feel 
this is more vital than study of heat emission from ceiling panels. 


P. R. AcHensBacH, Washington, D. C. (WritTtEN): The authors have very ably 
illustrated the basic mechanics and flow principles involved in the design of barometric 
dampers by means of the four specimens tested in the laboratory. Upon first reading 
this paper I was inclined to criticize it because the information presented and 
conclusions reached are of little help to the user of barometric dampers or the heating 
engineer. However the laboratory work completed thus far was only intended to 
the first two parts of a broader program having at least six objectives. 

It should be pointed out that the job of obtaining the proper draft controls will not 
have been completed when the manufacturer has learned to build a device with the 
proper torque and flow characteristics. A barometric damper limits the draft by 
admitting cold air into the system near the thimble thus lowering the average 
chimney gas temperature and increasing the friction loss in the chimney. Heating 
devices may be connected to chimneys that are too tall, too large in area, or both, or 
the chimney may accidentally be of about the right proportions. We do not know 
the proper size of chimneys to serve heating plants of selected capacities at the present 
time with any degree of precision. 

In my opinion, the laboratory might well complete the third step of the present 
program involving Damper Tee-Flow Studies, but the barometric damper investigation 
should not be burdened with the unknowns in the chimney field. I believe the 
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Research Committee has given a favorable recommendation to the study of draft 
problems in short chimneys, which has no connection with the study of dampers. 
A much broader program on chimneys could easily be developed that would include 
an investigation of the capacity of chimneys for carrying flue gases. Once the proper 
size chimney for a given structure or a given heating plant was determined, it would 
be much easier to select the right barometric damper for the job. 


Hucu Ketty, Milwaukee, Wis.* (WrittEN): The paper shows every evidence of 
careful and painstaking analysis and is of great interest to us as far as the points 
covered are concerned. The following comments are offered only in the most 
cooperative spirit. (a) It would have been helpful had actual diagrams of the physical 
test set up been included. (b) It is stated that coefficient of bleed flow and torque 
force are dimensionless but it would seem from their use in equations that they 
have some physical interpretation which could be more clearly brought out. (c) A 
fuller discussion of the effect of variations in the various coefficients with relation to 
damper performance would have been very helpful. (d) One phase of the study which 
is of great importance, which has not been included in this paper, is the relationship 
of controlled draft to available draft under conditions of varying resistance such as 
are encountered in actual installations. 

It is unfortunate that the complete program as outlined by the T.A.C. on Combustion 
cannot be completed at this time, as the information so carefully compiled in this 
paper loses much of its practical value for lack of supporting data which would have 
been available had the other steps outlined in the program been carried through. 

Had the limited scope of this investigation been foreseen it would probably have 
been of greater value to the members of the Society as a whole to have concentrated 
on items four and five of the program so that the best possible use could be made of 
the controls now on the market. 

We believe that this program should be carried through to completion at the earliest 
possible date with the ultimate end in view of setting standards as outlined in item 
six of the program. 

I would like to congratulate the authors who so ably prepared this paper and to 
express the hope that they can continue the project in the near future. 


Autuors’ Crosure (H. B. Nottage): The authors are highly sympathetic towards 
the comments received. Space limitations forced the manuscript into a compressed 
styling, which is not appealing to read. The present report is limited to an informative 
and suggestive status, pending approval of more advanced and practical phases which 
are contemplated. 

Mr. Thulman’s comments on the general insufficiency of existing knowledge in the 
fundamentals of draft systems are subscribed to by the authors. They also share the 
opinion that much more needs to be done. 

Mr. Kelly’s points have to do with material which was deleted in the condensed 
styling and with parts of the program which were not reached. 

Mr. Achenbach has correctly foreseen the complications of chimney factors. The 
authors retain the opinion that the physical principles of making the best match 
between the several components of a draft system should be part of the present 
program. Chimney research per se is something else again and belongs in a separate 
project. 

In closing this investigation, it is hoped that the spirit of analytical inquisitiveness 
will not be lost. Draft systems have been built for centuries, and it is time that 
fundamental physical principles should be applied toward a proper understanding 
through rational investigations. 


* Chief Engineer, Controls Division, Perfex Corporation. 
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THE CONTROL OF AIR STREAMS FROM 
A LONG SLOT 


By ALFRED KorsTEL* AND CH1A-YuNG YouNG**, CLEVELAND, OHIO 


This paper is the result of research carried on by THE AMERI- 
CAN SOCIETY OF HEATING AND VENTILATING ENGINEERS in 
cooperation with Case Institute of Technology, Cleveland, Ohio. 


A RESEARCH paper on the flow of isothermal air through end supplied slots 

was published in the 1948 A.S.H.V.E. Transactions!. This paper is a 
continuation of the subject with special emphasis on the theoretical flow equa- 
tions derived for outlets of this type. 

The basic outlet dealt with in this paper was a long slot supplied with air 
from a tapered duct. Mathematical analysis of the desired air flow was the key 
to the duct shape. The purpose of the design was to eliminate static regain and 
thereby produce uniform discharge velocities along the entire length of the slot. 
This feature would prevent lengthwise stream contraction! caused by the non- 
uniformity of air discharge obtained from a slot in the side of a constant cross- 
sectional duct. It would also facilitate the design and construction of guide 
vanes for the purpose of obtaining a stream discharge perpendicular to the axis 
of the slot. It is believed that the basic device tested in this investigation may 
be the criterion of good slotted outlet design from the standpoint of air distri- 
bution. 


¢ Portions of this paper form part of two theses submitted by the authors to Case Institute of 
Technology. See References 2 and 3. 


* Instructor in Mechanica! Engineering, Case Institute of Technology. Junior Member of A.S.H.V.E. 

** Graduate Assistant in Mechanical Engineering, Case Institute of Technology. 

1 Exponent numerals refer to References. 

Presented at the Semi-Annual Meeting of THe American Soctety oF HEATING AND VENTILATING 
Encrneers, Portiand, Ore., July 1951. 
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THEORETICAL ANALYSIS 


Let the following symbols represent the quantities involved, and Fig. 1 the 
diagram to which the analysis is applied: 


X = distance along duct axis to point in question, feet. 
V, = duct axial velocity at distance X, feet per second. 
V, = slot outlet velocity, feet per second. 
hy = duct static head at the distance X, feet. 
h, = duct total head, feet. 
hy = duct velocity head, feet. 
@ = emanating air stream angle from slot, degrees. 
A, = slot area, square feet. 
Aa = duct cross-sectional area at up-stream end, square feet. 
A, = duct cross-sectional area at X, square feet. 
slot length, feet. 
coefficient of discharge of slotted orifice. 
air quantity, cubic feet per second. 
total air quantity supplied at duct entrance, cubic feet per second. 
S = slot width, feet. 


2 
ou 


Assuming an ideal fluid, the velocity and static pressure are uniform across 
the duct cross-section and the total head at any point, X, is constant. Bernoulli’s 
theorem, therefore, states that: 


+ hy = constant = 


The quantity of flow through a differential length of slot is: 


CoV... 


where, 
SdX = dA, 


Since the fluid is assumed incompressible, the volume of air entering the supply 
duct minus the volume discharged from the slot along X must be equal to the 
quantity flowing within the duct at X. The continuity equation is, therefore: 


The foregoing three fundamental equations can be applied to any flow con- 
dition in which the air stream approach within a duct is parallel to the outlet. 
These equations have been successfully applied to ducts of uniform cross-section 
in which static regain produces a variable flow throughout the slotted orifice. 
Due to limitation on the extent of the present subject, this topic will be dealt 
with in a later paper. 


The angular direction of the discharged air stream with respect to the slot 
axis, 6, is related to a vectorial sum of two velocities as shown in Fig. 2. If 
there is a velocity V, in the X direction, and a velocity perpendicular to the 
slot face due to the conversion of the duct static pressure through the outlet, 
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the resultant will be the slot discharge velocity, V,. This relationship can be 
expressed as, 


tan 0 = V/2 gh,/V; 


or, V,2 = 2gh,+V,? for the right triangle of Fig. 2, which is also the Ber- 
noulli’s equation. (Equation 1). 

In order that the discharge angle @ be uniform along the slot, the duct axial 
velocity V, must remain constant with respect to X. Therefore, let the duct 
cross-sectional area A, be a variable and V, a constant in Equation 3. Differ- 
entiating the equation, 


—dQ = V,dA, 

| 


T 

——— ——Siot Asis 

[«] 


Fic. 2. VELocity Vector DIAGRAM 


Fic. 1. Lone Stot Arr Svup- 
PLY FROM ONE END 


(since Q, is a constant, dQ, becomes zero) and substituting for dQ in Equa- a 
tion 2: 
Ay = SdX Ca V2 gh, 
and 
— V.d A, 
V2 ghx 


If V’, is a constant, according to Equation 1 h, must also be a constant. 
Substituting the vectorial relationship 


—cot0 = — Vz /V/2 ghy 


into the foregoing equation, 
— cot = SdX Ca 


= SdX Ca 


and integrating between limits, 


Axy=Ayx X=X 
— cot dA, =S co ff dX — cot @[Ax — Aa] = SCaX 
Ay=Aa . X= 


or 


which is a straight line equation in the form y= mx +b where m is the slope 
(m= —S C, tan ©) and 6 the y-intercept (b = Ay), as shown in Fig. 3. This 
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equation indicates that the supply duct cross-sectional area, A, must be linearly 
decreased under the slot in order to eliminate static regain and to maintain a 
constant direction of air flow (see Fig. 4). 

In Equation 4, when A,=0, X will be equal to L, the length of the slot. 
Therefore: 


— SLCqatan6+ Ad =0 


and SL = slot area, A, 
therefore, 


A 
cot = (5) 


The curve of Equation 5 is shown in Fig. 5. The ratio of the velocity head 
to the total head in the duct may be found by appropriate substitutions. This 


Fic. 4. Unirorm FROM A 
Stot SUPPLIED BY A TAPERED Duct 


Fic. 3. RELATIONSHIP BETWEEN 
Duct S1zE AND SLot LENGTH 


parameter can be applied in selecting the proper supply fan characteristics for 
this type of outlet. 
Substituting the vectorial velocity relationship into Equation 5, 


(6) 


The curve of Equation 6 is shown in Fig. 6. 


CoMPARISON WITH TEST 


In order to verify Equations 5 and 6 a 10-ft sharp-edged slot in the side of 
a tapered supply duct 8.06 X 8.06 inches square at the upstream end was con- 
structed. The width of the slot was adjustable so that the area ratio, A,C4/A, 
could be varied. A coefficient of discharge for the sharp-edged slot was assumed 
to be 0.61. The maximum slot width investigated was 3.773 in., (A,C4/Ag= 
4.25), and the minimum width was 0.25 in. (A,C4/Aq= 0.282). 

Pressure, flow, and air discharge angle measurements were made as described 
in the first paper’. Air supply to the test duct was from a large plenum chamber 
through a rounded entrance nozzle. The air quantity was measured by cali- 
brated orifices and corrected for system leakage. Sidewall static taps were made 
to A.S.M.E. code specifications, and the pressures were read on calibrated in- 
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clined gages to 0.002 in. of water. All tests were run under isothermal conditions 
with air volumes ranging from 140 to 1350 cfm. The entire experimental inves- 
tigation covered a period from 1947 to 1949. 

The theoretical curve of Equation 6 (see Fig. 6), which indicates the rela- 
tionship between the pressure distribution in the duct and the area ratio, shows 
good agreement with the test points. Each point represents the average pressure 
ratio obtained for three or four rates of flow. The slight deviation of the data 
from the curve between area ratios of 2.26 and 4.25 is due primarily to the 
difficulty of measuring the extremely low duct static pressure for the volume of 
air discharged in the higher area ratios (large slot area). 

Fig. 5 shows the relationship between the constant discharge angles along the 
slot length and the area ratio. The final direction of the discharge air stream 


3 
Curve is plot of Equation No.5 
2 80 Ag ©, 
60 Test points for sharp edged slot 
B \ Cq * 0.6! (assumed) 
50 
30 
10 
0 
r) 1 2 3 4 6 6 7 
Area Ratio = As a 
Ag 


Fic. 5. RELATIONSHIP BETWEEN DISCHARGE ANGLES 
ALONG THE SLOT AND AREA RATIO 


within the space with respect to the slot axis will be the same as the air flow 
angle ©. The angles measured by a null-type double impact tube air protrac- 
tor*!. 2.3 show a better agreement with the theoretical curve at the higher area 
ratios than the pressure ratio curve of Fig. 6. This is due to the fact that the 
flow angles indicated by the air protractor are a direct measurement of the rela- 
tionship between the static and velocity pressures. On the other hand, the ratio 
of the velocity head to the total head involves an orifice flow reading and a static 
pressure reading at the duct inlet, both of which are subject to errors in reading. 


APPLICATION OF TURNING VANES 


If it is desired to obtain an air discharge perpendicular to the duct axis, turn- 
ing vanes or deflectors should be applied. The tapered duct design is best suited 


* An indicating thread read on a protractor scale and actuated by the slot air flow was used as 
a check on this instrument. 
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for turning vanes due to the fact that the discharge angles remain constant. This 
feature would make the use of turning vanes along the outside surface of the 
slotted orifice more practical from the standpoint of design and construction. 
This would not be possible with a constant cross-sectional duct supplying a slot 
since each vane would have to be designed to meet the condition of flow at a 
particular point along the slot which is, of course, a variable due to static regain. 

The amount of turning required of a vane would depend on the discharge 
angle. Deflecting vanes should be located on the outside surface of the slot since 
the direction of the emanating air stream is determined after the duct static head 
is converted into velocity through the slotted orifice. 

Fig. 7 shows an installation tested for a constant discharge angle of 42 deg. 
One design factor of prime importance is the ratio of vane depth to vane spacing. 


Curve is plot of Equation No.6 — 


80 
' = 


60 Ad = 
50 
> ” © Test points for sharp edged 
40 slot without turning vanes, x 
Cq* 0.61 (assumed) 
= 
. « Test point for free open 
20 turning vanes. 
Test point for enclosed 
10 turning vanes. 
° ' 2 3 4 5 6 7 
Area Ratio - a Sd. 
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Fic. 6. RELATIONSHIP BETWEEN Duct PRESSURE RATIO 
AND AREA RATIO 


According to the HEATING, VENTILATING, AIR CONDITIONING GUIDE, vanes 
should have a depth of one to two times the spacing. If the ratio is less than 
one, effective control of the discharging air stream cannot be obtained. Little 
improvement is realized by increasing the ratio beyond two. Based on this, 
turning vanes were tested for ratios of one and two. The vane depth was 3 in. 
with a curvature designed for a discharge angle of 42 deg. A smoke pattern 
showed that a vane ratio of one corrected the discharging air stream from 42 deg 
to approximately 80 deg to the axis of the duct. A ratio of two turned the 
stream very close to 90 deg. 

For appearance the vanes should be enclosed or bo.red in as shown in Fig. 7 
so that they will not protrude out into the occupied space. The effect of free 
open and enclosed vanes on pressure ratio (h,/h,) is shown in Fig. 6. Any 
change in the coefficient of discharge from the assumed value of 0.61 due to the 
vane installation, wil! deviate the experimental points from the theoretical curve. 
As a result the actual area ratio will not be the same as the one determined from 
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the physical dimensions of the slot and duct, and from the coefficient of discharge 
for a free open, sharp-edged slot. 

A turning vane, if designed correctly, should have the shape of an air foil so 
that separation of the deflected air stream from the vane surface does not take 
place. This, no doubt, would be impractical and uneconomical in actual air dis- 
tribution installations. Vanes of single thickness are much more easily fabricated 
than vanes of variable thickness as in an air foil. In order for a guide vane 
of single thickness and a given height to be efficient, the curvature should be as 
flat as possible without any abrupt turns. This can be done if a circular arc is 
used which is tangent to the discharge angle at one end and tangent to a line 


Duct 


(A)- Cross-sectional View 


(B) - Schematic Side View 


Fic. 7. (A) INSTALLATION OF EN- 
CLOSED VANES ON THE SLOT. (B) Ap- 
PLICATION OF TURNING VANES TO 
SLOT 


perpendicular to the slot axis at the other end. The radius of the arc would then 
be determined by the vane height and the discharge angle. This is illustrated 
in Fig. 7. 

Velocity traverses were taken of the air stream leaving the vanes. It was 
found that the magnitude of the velocities was at a maximum near the face of 
each vane and at a minimum immediately behind the vane. In the case of the 
wider spacing (1:1 ratio) the variation in velocities along the slot could easily 
be detected by passing a hand over the discharge. For the narrower spacing 
(2:1 ratio) the velocity variation could hardly be perceived except by pitot 
tube measurement. 


PRACTICAL APPLICATION 


Standardization of vane design can be devised in order to reduce costs of 
fabrication and installation. This could readily be done by selecting two or 
three practical discharge angles to be used in all types of slotted outlets. From 
the equation 


cot = A,Ca/Aa 
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various slot lengths, widths, and supply duct sizes can then be chosen for the 
given discharge angles. Sections of bracketed guide vanes already preset for 
the selected discharge angles could then be installed along the face of the slotted 
outlet. Fig. 8 shows a section of vanes used in the tests. 

The necessary supply fan characteristics and power requirements for the out- 
let would be determined by the pressure ratio (h,/h,) corresponding to the 
selected discharge angles and the quantity of air to be handled. Duct losses 
between the outlet and the supply fan should be taken into account so that the 
pressure ratio can be corrected to the required conditions at the fan. 

Care should be taken in assuming the correct coefficient of discharge that is 
to be used in the area ratio. Factors such as orifice construction (sharp- or 
round-edged slots) and the method used in enclosing the vanes may affect the 
discharge coefficient. 

Under certain conditions guide vanes may not be practical for a slotted outlet. 
The discharge angle @ may then be selected on the basis of the desired direction 


Fic. 8. Section oF Pre-Set, BRACK- 
ETED TURNING VANES USED IN TEST 


of the stream within the conditioned space. Air distribution requirements within 
the space would then be the governing factor in selecting the proper direction 
of the supply stream discharge. It should be kept in mind that in choosing too 
large a discharge angle an impractical design may result, namely, one with a 
small slot area, a large duct size, and a high static pressure. 


EXAMPLE OF PRACTICAL APPLICATION 


As an example of the design of a slot-type air distribution unit, assume that 
it is desired to distribute 1500 cfm of primary air from a slot 20 ft long located 
in the side of a wall of approximately the same length. The supply air is to 
be distributed in equal quantities per foot of slot length and in a direction nearly 
perpendicular to the duct axis. This is necessary to uniformly absorb a heavy 
cooling load within the space without excessive temperature gradients. 

The velocity in the supply duct is not to exceed 2000 fpm and the slot is to 
be sharp-edged. Throw limitations will not be considered in order to simplify 
the example. 


Required: Duct size, slot width, static pressure in duct, and a means of introducing 
the primary air uniformly into the space. 
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2. Slot width, inches: Equation 5 


3. Duct velocity pressure corresponding to 2000 fpm, 
4. Duct pressure ratio hy/h:: 


5. Duct static pressure, in. water, (assume turning 
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Solution: Two possible solutions will be considered for comparison: namely, a 
design with (1) Turning vanes set for a perpendicular stream discharge installed on 
the slot face (see Fig. 7), (2) A slot (and duct size) without turning vanes to give 
an air stream, for example, of 80 deg to the slot face (see Fig. 4). Assume that a 
standard set of bracketed, 45 deg turning vanes is available for installation. The 
solution for each design is tabulated in Table 1. 

The tabulated results indicate an impractical situation for the slot design 
without turning vanes. The slot width is exceedingly small and is, therefore, 
impractical. The required duct pressure is 32 times as great as the pressure for 
the vaned slot, resulting in excessive fan power requirements and in objectiona- 
ble slot velocities. Installation of turning vanes would be the practical solution 
in this case. The vaneless slot design could be somewhat improved by decreasing 


Tas_e 1—Duct Design CoMPARISON 


80 DEG STREAM 90 Dec STREAM 
WiTHOUT VANES WITH VANES 
Set For 45 Dec 


1. Duct size, sq_ in. 
(1500 X 144)/2000 = 108sqin.or............... x 9” 


Assume Cq = 0.61 
Cot 80 deg X 108/(12 X 20 X 0.61) =s.......... 0.13 
Cot 45 deg X 108/(12 X 20X 0.61) =s.......... 0.74 

S Gr from Pig. 6)... 0.03 0.50 


and frictional losses negligible) 


the allowable discharge angle, say to 70 deg. This would be permissible if a 
satisfactory air distribution pattern could be maintained. Furthermore, a de- 
crease in angular direction may cause impingement or splashing of the primary 
air on the adjacent wall at the downstream end of the slot. Another possible 
improvement in design would result if a larger duct size were selected. If the 
same discharge angle and area ratio were used, the slot width could then be 
increased resulting in lower duct pressures. 
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DISCUSSION 


G. B. Priester, Baltimore Md. (WritTtEN): The authors are to be complimented 
on their presentation of the theory, correlating test data, and application information 
on air streams from a long slot. 

As previously pointed out, however, I do not believe that the friction loss in the 
tapering duct should be completely ignored even though it may be a small item. The 
friction drop for 1500 cfm at 2000 fpm, as used in the example, is practically 4% in. of 
water per 100 ft of duct. 

Since in practice the desired throw usually is fixed, it would be helpful if a prac- 
tical example could be presented in which the throw is, say 30 ft. It is also suggested 
that an example using a lower duct velocity, say 1000 or 1500 fpm, be included. 


C. M. Witson, New York, N. Y.: The timeliness of this paper is appreciated, as 
we have been conducting a lot of research on straight line diffusers. One big problem 
has been the approach to the diffuser. I believe this theoretical approach and test 
data are going to be very helpful, particularly to determine air flow patterns before 
the air hits the slot. Our problem has been to deliver air evenly through a straight 
line diffuser as this unit is preferred by many architects. 

We conducted research last winter and tried to design a number of ceilings which 
were acoustically correct and combined good diffusion, color and light, and an attrac- 
tive appearance. We were surprised to learn that the straight line diffuser or the 
slot, appearance-wise, fitted a number of good designs better than many other type 
outlets now on the market. 

While we have never been able to make a simple slot perform well in a test 
room regardless of the approach or even distribution, we nevertheless feel that this 
work should be continued. We have had to break up the air supply into as many as 
five streams to obtain good mixing. Before this breaking up of the air stream, the 
air came out of a slot, particularly when a high temperature difference was present, 
and fell on a room occupant’s head. 

I hope this research will determine not only proper methods of delivering air from 
a slot, but also how best to control it after leaving the slot. 


Cyrit Tasker, Cleveland, Ohio: The paper presented today is a report on one 
portion of a long range and comprehensive research program on air distribution 
which has been carried on for a long time under the Society’s Technical Advisory 
Committee on Aid Distribution of which Mr. Szekely was Chairman for several years. 

The overall program on air distribution is made up of a number of important parts. 
One of these, fundamental studies on ventilation jets, is rapidly nearing completion 
at the Society’s Research Laboratory, and we expect to present to the membership 
in the next 18 months a number of papers from these studies. 

The work at Case Institute, of which this paper represents only a small part, has 
been underway for several years, has covered all types of outlets and has produced 
a whole series of valuable papers. 

Studies at Kansas State College under Professor Linn Helander are concerned with 
the downblow of heated and cooled air streams. One valuable paper has already been 
presented and more are to come. 
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Under Dean L. G. Miller at Michigan State College studies are being made of 
the friction in take-offs in rectangular ducts. 

Society studies on air distribution are extensive, but the subject is an extensive and 
complicated one. Slowly but surely we are compiling a great deal of valuable infor- 
mation; this paper is an excellent example of how worthwhile results can be obtained 
by distributing our problems among colleges interested in assisting the Society in 
its research program. 

Sometimes we are apt to overlook the changes and additions that have been made 
to THE GuIpDE as a result of Society work on air flow. It takes a long time to get 
some of the results translated into practice but this is being accomplished. 

This paper is another example of the way in which information of practical value 
is being secured for the benefit of the membership as a result of the Research program. 


P. R. AcHENBACH, Washington, D. C.: This work at Case Institute of Technology 
is very timely in connection with warm air perimeter heating. Where large picture 
windows are used it is desirable to deliver heat near the base of the windows to 
counteract the cold currents created by them. The use of a long slot below large 
windows extending the full length of the window in connection with perimeter warm air 
heating appears to be a very good way to provide adequate heating where it is most 
needed in such cases. This paper which shows how the warm air can be discharged 
in the proper direction from a long slot will be very helpful in designing such instal- 
lations. 


Lester T. Avery, Cleveland, Ohio: Many men attending these meetings feel that 
the papers presented here are too theoretical. I suggest to them that the greatest 
problem one has in handling air for air conditioning (cooling, heating, dehumidifying, 
humidifying) is air distribution, and many people are inclined to take air distribution 
for granted, from a catalogue, without attempting to understand the problems of 
air distribution. 

I feel that papers of this kind are far from being too theoretical or too far removed 
from practice. They are years ahead of catalog data from the manufacturer. Unless 
one takes the time to read these papers and understand them, he will be two to three 
years behind the art. Through research of this kind we are learning some of the 
vagaries of handling air. 

I think it is a fine paper, and I think this Society is the only place where such 
information will be developed. 


R. J. Apramson, Chicago, Ill.: We have in suburban Chicago (Highland Park), 
a residence constructed for Mr. and Mrs. Slavin. One section of the house is heated 
by underfloor ducts supplying air to perimeter outlet slots. Another section of the 
house has perimeter intake air slots connected to underfloor ducts. This building 
has been occupied eight months. We are keeping careful records and hope to present 
actual test results next year for this type of installation. 

Winter heating, using perimeter slots and underfloor ducts has been very satis- 
factory. This building is located on a bluff at the shoreline of Lake Michigan with 
maximum possible exposure. We have had absolutely no frosting of the large win- 
dows while maintaing the design humidity conditions within the space. Vertical supply 
air velocities at the perimeter at the six foot level were 20 fpm. The concrete floors 
average 69 F, ambient air temperature at 60 in. is 72 F, air temperature 6 in. below 
ceiling is 74 F, 


L. P. Saunpers, Lockport, N. Y.: Professor Tuve requested such information from 
any of us concerning distribution or the methods of determining distribution of air. 
Some years ago we were interested in trying to sell to a refrigerator manufacturer 
small condensers to be mounted on a bracket carrying the motor which drove the 
compressor and also handled the fan for the condenser. We wanted to mount this 
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special condenser we developed directly on the shaft axis so that as the mutor moved 
to keep the belt adjustment tight, the condenser moved with it. 

We went to the manufacturer to talk about it, and were interested to learn that 
they were investigating the panel type or plate type of condenser which was mounted 
on the back of the refrigerator. The research engineer of this firm told me that in 
their investigation work they had run into a great deal of difficulty in trying to dupli- 
cate hot room test results. That is, they would set one refrigerator in a hot room 
in a particular place, and when these results were analyzed in comparison with pre- 
vious results, they did not correspond. It was finally concluded that the difficulty was 
due to the change in thermal conditions of the air actually in the room. 

In order to determine the air flow pattern within the test room, it was completely 
darkened, aluminum dust was sprayed into the air, and through the medium of either 
flashlight photography, or spotlight photography with high speed machinery, photo- 
graphic exposures were made. From then on when a comparison was desired between 
one test and another, the refrigerator was returned to the original position. Perhaps 
this method of studying air flow patterns may be useful to the authors. 


Autuors’ CLosure (G. L. Tuve): I want to thank each of the discussors for his 
comments. These remarks bring up one thing that indicates a void in our informa- 
tion. How long is a long slot? We don’t know. We know that a slot a quarter inch 
wide and three feet long isn’t a long slot; how long it has to be before it becomes 
a long slot, we don’t know. How does a long slot perform compared with a short 
one? 

Mr. Wilson suggested that air from a slot is likely to dump down on people’s 
heads. Air doesn’t stay in a ribbon or flat stream after it leaves the outlet. It tends 
to bunch together into a round stream just as quickly as possible, and of course, 
if it is cold, the people just beneath the center of the stream will feel a draft. There 
is a good deal more to be found out about how to treat a slotted outlet with respect 
to dividing it up. Dividing up a slotted outlet that is five feet long into one-foot 
sections, spaced six inches apart doesn’t do any good to speak of, so the question 
is how far the slots have to be separated before they are going to form separate 
streams. 

We have found in work on perforated panels that even a panel with five or ten 
percent free area tends to act like a single stream coming out of a single hole. There 
are many unanswered questions, as the discussers have indicated. We are glad to 
learn more about the practical applications. 

Mr. Priester’s comment was on the friction in the duct. That is, of course, of some 
importance but much less than would be expected. It seems to us that for most prac- 
tical problems, the friction in the duct will not affect the result nearly as much as the 
uncertainty about the stream of air after it gets into the room. We are very anxious 
to have further information as to what happens to this stream in the room. We have 
three men spending full time studying air flow in the room during the summer. They 
have found these studies difficult, as the room must be closed up to get rid of drafts, 
and it is 100 F outdoors. We invite engineers who have information that they would 
care to share, to contact us so that we may exchange information. 
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PRESSURE LOSSES OF TAKE-OFFS FOR 
EXTENDED-PLENUM DUCT SYSTEMS 


By J. W. Hott*, S. F. Girman**, R. J. Martint anp 
S. Konzott, UrBana, ILL. 


HE EXTENDED-PLENUM type of air conditioning duct system is char- 

acterized by a main duct of the same size and shape throughout its length, 
designated as the extended plenum. The take-offs connecting the extended 
plenum with the branch ducts are one-piece fittings of simple construction. 

Because of the overall simplicity of extended-plenum systems, both the fabrica- 
tion and installation costs are often less than those of conventional trunk duct 
systems. Although these advantages have been recognized for some time, com- 
plete information for design purposes is not available in the literature. 

An investigation of the pressure losses of various types of 7-in. diameter 
take-offs installed one at a time on a 12-in. X 8-in. extended plenum has been 
reported by other investigators.1 As a result, certain sizes and shapes for side 
and top take-offs were accepted by the industry as standard. Since the reported 
results were restricted to one size of branch duct and one size of plenum, further 
research with other sizes of branch ducts and plenums is desirable. 


OBJECTIVE OF INVESTIGATION 


The objective of the investigation reported in this paper was to determine 
the performance characteristics of extended-plenum and branch-duct combina- 
tions, such as are normally used in residential air conditioning applications, 
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utilizing standard take-offs. The items which were investigated in the labora- 
tory and which are discussed in this paper are the following: 


1. The performance of standard side and top take-offs when used alone on two 
different plenums. 

2. The effect of the relative locations of two or more take-offs on the pressure loss 
of individual take-offs. 

3. The application of the laboratory results to the design of extended-plenum 
systems. 


DESCRIPTION OF APPARATUS 


The principal details of the laboratory apparatus are shown in Fig. 1. The four 
orifices in the orifice box were used singly or in parallel to measure the total 
air flow rate in cubic feet per minute, depending upon the volume range desired. 
The speed of the centrifugal fan was varied over a wide range by the use of 


€66 
‘STRAIGHTENERS 


STATION 


TRANSPARENT SECTION — 


Fic. 1. GENERAL ARRANGEMENT OF APPARATUS 


two adjustable rheostats in conjunction with a direct current motor. The fan 
discharged the air from the orifice box into the auxiliary plenum and thence 
into the extended plenum. The function of the auxiliary plenum, nozzle, and 
egg-crate straighteners was to provide a uniform velocity profile at Station O. 
The air was then discharged from the extended plenum through the branch ducts 
and plenum exit section. The dampers were adjustable and were used to estab- 
lish and control the desired conditions. A 3-ft section of the extended plenum 
adjacent to the first take-off connection was fitted with a transparent top and 
bottom to permit visual observation of the air flow pattern in the extended 
plenum and take-off. Qualitative flow patterns were determined by probing this 
section with a silk thread attached to a small diameter rod. 

Studies were conducted with two 24-in. wide extended plenums, one of which 
was 8-in. deep and the other 12-in. deep. During these studies, one or more 
branch ducts were connected at different locations on the extended plenum. The 
top and side take-offs used in this investigation were the types accepted as 
standard by the National Warm Air Heating and Air Conditioning Association. 
The construction details of these take-offs are shown in Fig. 2; they have been 
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designated by the letters A through G for ease of reference. These 7-in., 8-in., 
and 9-in. diameter take-offs connected corresponding sizes of branch ducts to 
the plenums. 

Referring to Fig. 1, Station O was the primary energy measuring station, and 
any station along the plenum downstream from Station O was designated by its 
distance, in feet, from Station O. Thus, Station 6 and Station 9 were located 
6 ft and 9 ft, respectively, downstream from Station O. The static pressure at 
Station O was measured by means of a piezometer ring, and the total air flow 
at Station O was determined by means of the orifice box. The static pressure 
tap located at the center of the top of the orifice box, Station X, was used to 
measure the pressure differential across the one or more orifices in use. The 
static pressure at any station in the plenum downstream from Station O, such 
as Stations 6 and 9, was measured by a Pitot tube. The volume (cfm) leaving 
the exit section of the extended plenum was measured at Station Y. 


Branch Duct 
Take Off Diameter 
Designation D 
> A 7 
B 7 
Cc 7 
I, pf 
8 
G 8 
Take Off Dimension 
7 Classification L 
TOP TAKEOFFS OANDG 
SIDE TAKEOFFS A,8,C,€,ANO F 9S 16 
8T 14 


Fic. 2. Detarts oF TAKE-OFFsS 


The energy measuring stations in the branch ducts were designated by the 
numeral 1 following their identifying letters, and the flow rate measuring sta- 
tions were designated by the numeral 2 following their identifying letters. For 
example, Stations Al and A2 in Fig. 1 refer to the respective energy and flow 
rate measuring stations in Branch Duct A. 


CALIBRATION OF APPARATUS 


A micromanometer? was used to calibrate the 16 inclined draft gages to 
obtain calibration curves for correcting the gage readings to their true values. 

The flat-plate orifices in the orifice box were initially calibrated in place by 
means of a circular duct and Pitot-tube traverses. After calibration, any air 
flow rate between 80 and 2400 cfm could be determined from the static pressure 
reading at Station X. 

At the end of the extended plenum, a total-pressure tube and a static-pressure 
tap were used to measure the velocity pressure at the center of the 8-in. X 8-in. 
duct at Station Y downstream from the converging nozzle. During calibration 
of this station, all branch ducts were closed, and the relation between the 
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velocity pressure at Station Y and the volume (cfm) entering the orifice box 
was obtained. Any air flow rate between 180 and 1800 cfm leaving the plenum 
could then be determined from the velocity pressure at Station Y. 

A total-pressure tube and static-pressure tap similar to that employed at 
Station Y were used to measure the velocity pressure in each branch duct. 
During calibration of any branch duct, the other branch ducts and the exit 
section of the plenum were closed and the relation between the velocity pres- 
sure just downstream from the branch duct orifice and the volume entering the 
orifice box was obtained. Any air flow rate between 80 and about 600 cfm could 
then be determined from the velocity pressure reading in the branch duct. 


GENERAL PROCEDURE AND COMPILATION OF DATA 


For a given configuration of the apparatus, the dampers were set at desired 
positions. The total volume (cfm) entering the apparatus was then varied over 
a wide range in about four steps, by varying the fan speed, and the various 
pressure readings were recorded. The dampers were then reset to other positions 
and the same procedure was repeated. By this method, the volume flowing in 
the branch duct and in the extended plenum were varied over a wide range. The 
mean velocity at any cross-section of the apparatus was calculated from the air 
flow rate and the cross-sectional area. 

In order to evaluate the pressure loss of a take-off, it was necessary to obtain 
pressure readings which were not influenced by the disturbances caused by the 
air flowing from the pl num and through the take-off to the branch duct. By 
probing the cross-sectioa with a Pitot tube upstream from the take-off in the 
plenum and downstream from the take-off in the branch duct, desirable loca- 
tions for measuring stations were obtained. The plenum energy measuring 
stations were located from 144 ft to 3 ft upstream from the take-off, depending 
upon the number and spacing of the take-offs in use. The branch duct energy 
measuring stations were all 644 ft downstream from the take-off. 

For the purpose of illustrating the method used to calculate the pressure loss 
of a take-off, Fig. 3 will be utilized. The total pressure in the plenum was 
expressed as: 

(TP)p = (SP)p +(VP)p. 
where 
(TP)p = total pressure in the extended plenum upstream from the take-off at 
Station P, inches of water. 
(SP)p = static pressure as measured at Station P, inches of water. 
(VP)p = velocity pressure corresponding to the mean velocity of flow at Station P, 
inches of water. 


The total pressure in the branch, (7P),, was evaluated in a similar manner. 
The pressure loss between Stations P and B is 


where 


H = pressure loss between Stations P and B, inches of water. 


The take-off loss was separated from the normal duct friction loss in accord- 
ance with usual procedure of determining fitting losses on a no-length basis. 
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The take-off loss was therefore defined as 
where 


Lr = take-off loss, inches of water. 

Lp = normal friction-pressure loss in the plenum between Station P and the 
centerline of the branch duct, as determined from the A.S.H.V.E. friction 
chart,’ inches of water. 

Ls = normal friction-pressure loss between the take-off and Station B, as 
determined from the friction chart,’ inches of water. 


Substituting Equation 2 into Equation 3, there results 
Lr = (TP)p — (TP)p — + Ln) (4) 


This equation was used to compute the take-off loss. 

In order to obtain a dimensionless expression for the take-off loss, each value 
of Ly, in inches of water, obtained from Equation 4 was divided by the velocity 
pressure (also in inches of water) corresponding to the mean velocity of flow 
in the branch duct. For the studies conducted with a single take-off installed 
on a plenum, the resultant expression was designated the independent loss 
coefficient, X. Thus, 


where 


(VP)p = velocity pressure corresponding to the mean velocity of flow in the branch 
duct, inches of water. 

When experiments were conducted with two or more take-offs. installed on 
a plenum, the pressure loss of each take-off could conceivably be affected by the 
presence of the others. In order to differentiate between the two experimental 
conditions, the dimensionless expression obtained by the same procedure used to 
obtain Equation 5 was designated the interference loss coefficient, 9. Thus, 


in which it is understood that in Equation 6, Ly is evaluated from the data 
obtained with two or more take-offs installed on a plenum. 

The difference in the loss coefficients as determined by Equations 5 and 6 
was designated the take-off interference and served as an index of the inter- 
ference caused by the proximity of two or more take-offs. 


PRELIMINARY ANALYSIS 


In an effort to determine the principal variables involved in this investigation 
of extended plenum systems, an analytical approach to the problem was made. 
From a review of the literature and from principles of fluid dynamics, it was 
expected that the independent loss coefficient, A, would be influenced by the 
velocity in the plenum just upstream from the take-off, the velocity in the branch 
duct just downstream from the take-off, the size and shape of the plenum and 
take-off, and the density and absolute viscosity of the air. Since air at room 
temperature and at relatively low velocities was to be used, the effects of com- 
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pressibility and heat transfer could be safely ignored. The general relationship 
between the variables considered to be of significance can be expressed as 


= f(Ve, Ve, Ds, 
where 


Vp = mean velocity in the branch duct just downstream from the take-off, 
feet per second. 

Vp = mean velocity in the plenum just upstream from the take-off, feet per 

second. 

characteristic length of the take-off and branch duct, feet. See Fig. 3. 


Dz = 

Dp = characteristic length of the extended plenum, feet. 
e = density of the air, pounds per cubic foot. 
wu = absolute viscosity of the air, pounds per foot second. 
f = symbol indicating a functional relationship. 


The characteristic lengths Dg and Dp may warrant explanation. The selec- 
tion of the particular dimension to represent a characteristic length is arbitrary 
for any one combination of plenum, take-off, and branch duct such as shown in 
Fig. 3. This is true because in describing the size and shape of an object, it is 
sufficient to select any one dimension; all other dimensions can then be expressed 
in terms of the selected dimension. For example, if the dimensions of a plenum 
were known, the width could be expressed as some multiple of the depth, Dp. 

Applying the methods of dimensional analysis to Equation 7, there results 


= 6 (Vp/Vp, Dp/Dp, .......... (8) 


The last term in the right hand member of this equation is the expression for 
the Reynolds number referred to the branch duct. Therefore, Equation 8 can 
be expressed as 


= 6(Ve/Ve, Rs)... ..-...-.-@ 


Equation 9 states that the independent loss coefficient, A, is some function of 
the velocity ratio, Vp/Vp, the length ratio, Dg/Dp, and the Reynolds number 
in the branch duct, Rg. The equation does not provide information as to the 
form of the functional relationship that exists between \ and the three ratios; 
it states only that a general functional relationship exists between the dimension- 
less groups. However, considerable information can be obtained from an inspec- 
tion of Equation 9. One important fact is that the dimensionless groups are 
independent ; i.¢., any two can be held constant while the third is varied in any 
desired manner. For example, if a particular plenum, take-off, and branch duct 
combination is studied, the value of the length ratio Dy/Dp will be constant. 
If the total flow rate is varied, but the flow rate in the branch duct is held 
constant by controlling the flow with a damper, Rx, will be constant and the 
velocity ratio, Vp/V p, will vary. Thus, the effect of each ratio on A can be 
determined experimentally by holding the other two constant. Since the research 
program is to be limited to a relatively narrow range of air velocities and ple- 
num and take-off sizes, it is probable that the effect of at least one ratio will 
be insignificant and can be ignored. Any ratio is insignificant if it is essentially 
constant over the range in which the experimentation is conducted. 

Certain conclusions can be drawn from a consideration of the length ratio, 
Dz/Dp, in Equation 9. If the characteristic lengths Dp and Dp of one con- 
figuration of the laboratory apparatus were, for example, twice the respective 
characteristic lengths of another configuration, the ratio Dp/Dp would be the 
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same for both configurations. For this condition, Equation 9 indicates that A 
would depend only on the velocity ratio and Reynolds number, the length ratio 
being constant. Changing the values of Dz and Dp, but keeping their ratio 
constant, is equivalent to changing all dimensions in the same proportion; i.e., 
changing the size but maintaining the same shape. This is exactly the condition 
of geometric similarity ; therefore, if all of the plenum, take-off, and branch duct 
combinations to be studied were geometrically similar, ) would depend only on 
the velocity ratio and Reynolds number. Referring to Fig. 2, it can be shown 
that the condition of geometric similarity will not be fulfilled during this inves- 
tigation. Note that although the diameters of the take-offs vary from 7 in. to 
9 in., certain dimensions are the same for all take-offs. Their shapes are there- 
fore different, and the take-offs are not geometrically similar. Moreover, in 


Fic. 3. View oF AN EXTENDED PLE- 
NUM, SpE TAKE-OFF, AND BRANCH 
Duct 


describing the apparatus it is stated that the plenums used in this investigation 
were of the same width but of different depths. Therefore, the plenums are also 
not geometrically similar. It can therefore be concluded that, because of the 
variable length ratios that are to be used in the investigation, the effect of length 
ratio on » should be determined experimentally. 

This analysis shows that the six variables influencing A, as given in Equation 
7, can be reduced to the set of three dimensionless variables given in Equation 9. 
The scope of the experimentation can therefore be limited to a study of each 
one of the three variables in Equation 9 while holding the other two constant. 
By this method, the extent of the actual significance of each variable can be 
determined. 


RESULTS OF STUDIES WITH A SINGLE TAKE-OFF 


The initial studies were conducted with single take-offs installed on the 
24-in. X 8-in. plenum. When compiling the laboratory data, it was found that 
the independent loss coefficient, A, varied considerably with the velocity ratio. 
Consequently, this ratio was usually used as the basis for expressing the experi- 
mental results. 
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Side Take-offs: The relationship between independent loss coefficient and 
velocity ratio for Take-off A is shown in Fig. 4 for three plenum sizes. Curves 
1 and 2 were obtained from studies conducted with the 24-in. X 8-in. and 24-in. 
X 12-in. plenums. Curve 3 was replotted from a previous paper! which reported 
the performance of Take-off A when installed on a 12-in. X 8-in. plenum. 

A comparison of curves 1 and 3 shows the effect of plenum width on the inde- 
pendent loss coefficient. Although it appears from the curves that the plenum 
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Fic. 4. PERFORMANCE OF A SipE TAKE-OFF ON THREE 
Sizes oF PLENUMS 


width has a marked effect on the independent loss coefficient at high velocity 
ratios, the maximum difference between curves 1 and 3, which occurs at a 
velocity ratio of 2.5, corresponds to a difference in pressure loss of less than four 
equivalent feet of 7-in. diameter duct. For purposes of system design, this differ- 
ence is negligible; consequently, it can be concluded that increasing the width of 
the plenum from 12 in. to 24 in. has no significant effect on the independent loss 
coefficient of Take-off A. 

Comparison of curves 1 and 2 shows the effect of plenum depth on the inde- 
pendent loss coefficient. The maximum difference between these curves, which 
occurs at velocity ratios less than one, corresponds to a pressure loss of less 
than five equivalent feet of 7-in. diameter duct. For the purpose of design, this 
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difference is negligible; therefore, it can be concluded that the increase in depth 
from 8 in. to 12 in. had no effect upon the independent loss coefficient of Take- 
off A. Take-offs B and C, which were similar in size and shape to Take-off A 
except for slight variations in manufacture, were also studied. The results showed 
that the individual take-off losses expressed in terms of equivalent length were 
nearly the same as those for Take-off A. Moreover, studies on the effect of 
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Fic. 5. PERFORMANCE OF THREE SIZES OF SIDE 
TAKE-OFFS 


plenum depth conducted with Take-offs B and C confirmed the conclusion stated 
for Take-off A. 

Similar studies on the effect of plenum depth were made for Take-offs E and 
F. The results showed that an increase in depth from 8 in. to 12 in. had no 
effect on the independent loss coefficients of Take-offs E and F. 

The relation between the independent loss coefficient and the velocity ratio for 
three sizes of side take-offs with the 24-in. X 8-in. plenum is shown in Fig. 5. 
These curves, which are for take-offs of different sizes and of slightly different 
shapes, are in good agreement with each other. Although the maximum dif- 
ference between any two curves corresponds to 10 equivalent feet of round duct, 
this is small in comparison to the equivalent length of the entire duct system. 
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In the preliminary analysis it was stated that the effect of either velocity ratio, 
length ratio, or Reynolds number could be determined by holding any two of 
these variables constant and varying the third. In order to investigate the influ- 
ence of Reynolds number on 4, an analysis was first made of the laboratory data 
obtained with Take-off A installed on the 24-in. X 8-in. plenum, since one con- 
figuration of the apparatus corresponds to a constant value of length ratio 
Dx/Dp. For selected values of velocity ratio Vp/Vp, values of the independent 
loss coefficient were plotted against the Reynolds number in the branch duct. 
Representative results are shown by the circled points and curves in Fig. 6. 
Since the curves are horizontal lines for a given velocity ratio, the independent 
loss coefficient is a constant. The significant conclusion can therefore be drawn 
that, within the limits of experimental accuracy, A is independent of Reynolds 
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number for the range over which data were obtained with this configuration of 
the apparatus. 

An analysis was next made of the data obtained for all other configurations 
of the apparatus. For each configuration and a constant value of velocity ratio, 
values of the independent loss coefficient fell above and below the corresponding 
curves in Fig. 6. Since no trend could be established, all of the points have been 
plotted in black filled circles in the figure. The agreement of these points with the 
previously established curves permits two important conclusions to be made. 
First, for each configuration of the apparatus, A is independent of Reynolds 
number. Second, for a given value of velocity ratio, a single curve applies within 
the limits of experimental accuracy to all configurations of the apparatus. Since 
the various side take-offs and plenums were not geometrically similar, the latter 
conclusion is equivalent to a statement that the effect of the deviations from 
geometrical similarity are insignificant. The length ratio and Reynolds number 
can therefore be discarded from Equation 9. The result is then 


in which the symbol y, indicates a general functional relationship applicable 
to side take-offs. Equation 10 expresses a unique relationship between \ and 
V/V >» that holds with satisfactory accuracy for the configurations studied and 
for the practical range of air flow rates. Therefore, a single curve relating A 
to Vg/Vp can be used to express all of the experimental results obtained with 
side take-offs. 


+ + + + + + + 
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It is of particular significance that the curves of Fig. 6 are in good agreement 
with those obtained by other investigators for a similar 7-in. diameter side take- 
off and a 12-in. X 8-in. extended plenum!. 

Top Take-offs: The results of studies conducted with a single 7-in. diameter 
top take-off installed on the 24-in. X 8-in. plenum are shown in Fig. 7, together 
with the results for an 8-in. diameter top take-off under the same experimental 
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conditions. The 8-in. diameter take-off, Take-off G, has the higher independent 
loss coefficient over most of the velocity ratio range. However, for practical 
considerations, the agreement between the two curves is good since the maximum 
difference between them represents less than 10 equivalent feet of round duct. 
Comparison of Figs. 5 and 7 shows that top take-offs have much higher pres- 
sure losses than side take-offs for the same experimental conditions. This is to 
be expected because the air flowing through the top take-off must make two 90° 
turns in passing from the plenum into the branch duct; whereas, the air flowing 
through the side take-off must make but a single 90° turn. 

Take-offs D and G were also studied independently on the 24-in. X 12-in. 
plenum. As the results were in excellent agreement with the curves of Fig. 7, 
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it was concluded that an increase in plenum depth from 8 in. to 12 in. had no 
significant effect on the independent loss coefficients of 7-in. and 8-in. diameter 
top take-offs. 


An analysis of the effect of Reynolds number and length ratio was also made 
with the data obtained for the top take-offs. As with the side take-offs, it was 
found that the laboratory results could be expressed by a unique relationship of 
the form 


in which the symbol yy indicates a general functional relationship applicable 
to top take-offs. 


RESULTS OF STUDIES WITH MULTIPLE TAKE-OFFS 

Studies were conducted with two or more take-offs installed on the 24-in. X 
8-in. extended plenum in order to determine the effect of the relative location 
of the take-offs. Each of the loss coefficients determined during these studies 
was designated the interference loss coefficient §. The difference between the 
independent loss coefficient A and the interference loss coefficient @ was desig- 
nated the take-off interference. The take-off interference serves as an index of 
the change in the performance of a take-off due to its location in relation to the 
locations of other take-offs. During these studies, values of the take-off inter- 
ference were obtained over the practical range of velocity ratios by adjusting 
the dampers on the various branch ducts and at the exit section of the plenum. 


The number, types, and relative locations of the take-offs for each of the 
various arrangements studied are shown in Fig. 8, as follows: 


1. Arrangement in Fig. 8a: These studies were conducted with two 7-in. diameter 
side take-otts located along the same side of the plenum. Take-off B was initially 
installed 67-in. downstream from Take-off A, and was then moved progressively 
closer to Take-off A. The maximum take-off interference for either take-off, ex- 
pressed in terms of equivalent feet, was two feet of round duct. Therefore, it was 
concluded that there was negligible interference between two 7-in. diameter side take- 
offs due to their relative locations on the same side of the extended plenum. 


2. Arrangement in Fig. 8b: Take-off A was fixed in place, and Take-off B was 
located at a distance of 32 in. or 16 in. downstream and on the opposite side of the 
plenum. The results showed that the performance of the downstream take-off was 
affected by the proximity of the up-stream take-off. However, the take-off inter- 
ference was only of the order of five equivalent feet of round duct. In contrast, the 
performance of the upstream take-off was not influenced by the relative locations of 
the downstream take-off. 


3. Arrangement in Fig. 8c: When Take-offs A and B were located directly opposite 
each other, the maximum take-off interference for either take-off was only four 
equivalent feet of round duct. 


4. Arrangement in Fig. 8d: In order to determine the effect of take-off size on 
the take-off interference, Take-offs E and F, which were 8 in. and 9 in. in diameter, 
respectively, were studied when located directly opposite each other. The take-off 
interference was greater than that for the 7-in. diameter take-offs shown in Fig. 8c. 
However, the take-off interference for Take-off E or Take-off F did not exceed nine 
equivalent feet of round duct. 
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5. Arrangement in Fig. 8e: This is similar to the arrangement shown in Fig. 8c 
except that an additional 7-in. diameter take-off was installed 32-in. downstream from 
Take-off B. The performance of the downstream take-off was not adversely affected 
by the presence of two take-offs upstream since the maximum take-off interference 
was equivalent to three feet of round duct. 


6. Arrangement in Fig. 8f: From the standpoint of space limitations, the largest 
number of take-offs which would ordinarily be located on the plenum at a given cross 
section would be two side take-offs and one top take-off. This arrangement was 
studied with three 7-in. diameter take-offs. The results showed that, as before, the 
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side take-offs did not interfere with each other. However, over the practical range of 
velocity ratios, the interference loss coefficient 6 of the top take-off was less than its 
independent loss coefficient \ as shown in Fig. 9. The maximum effect of take-off 
interference as indicated in Fig. 9 represents a reduction of 13 equivalent feet of 
round duct. For practical purposes, the independent loss coefficient \ should be used 
and the safety factor represented by the negative take-off interference ignored. 


7. Arrangements in Figs. 8c, 8d, and 8f: Studies were also conducted with the 
24-in. x 12-in. plenum in order to determine the effect of plenum depth on take-off 
interference. No appreciable change in take-off interference resulted from the increase 
in plenum depth. 


8. Arrangement in Fig. 8g: Studies were made with the 24-in. X 8-in. plenum in 
order to determine the interference of each take-off in a simulated practical system. 
The interference of the various take-offs was found to be in excellent agreement with 
those previously determined. -In addition, the interference effect was not cumulative 
when a take-off was located downstream from several others. Studies were also made 
with the 24-in. X 12-in. plenum, and similar results were obtained. 


These studies with multiple take-offs indicate that the independent loss coeffi- 
cient defines the pressure loss of a take-off, and can be used in predicting the 


{ 
A 8 A 
(a) 
67", 32°, 16° 8 32° 
Fo} 
8 
Ja JE 
3 
id SIDE TAKEOFF TOP TAKEOFF 
7 


432 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


air flow rate of the branch duct. To verify this statement, special studies were 
conducted with the 24-in. X 8-in. plenum and with the simulated practical sys- 
tem in Fig. 8g. A value of equivalent length was arbitrarily selected for each 
branch duct. The air flow rate in each branch duct was then predicted using 
the independent loss coefficients of the various take-offs. Next, the actual air 
flow rates in the branch ducts were measured and compared with the predicted 
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values. In no case did the actual branch duct flow deviate from the predicted 
value by more than five percent and the average deviation was only two percent. 
Deviations of the same order were obtained during a similar study with the 
24-in. X 12-in. plenum. 

The results obtained from these studies with multiple take-offs show that inter- 
ference due to the relative location of take-offs is negligible from a practical 
standpoint. Hence, there are no limitations on the relative location of the take- 
offs. Furthermore, the results show that the air flow rate in a branch duct can 
be predicted by means of the independent loss coefficient as determined by the 
velocity ratio at the point of take-off. 
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PRACTICAL INTERPRETATION OF RESULTS 


In the design of air duct systems it is usual practice to consider the pressure 
loss of a take-off in terms of equivalent feet of round duct or equivalent diame- 
ters rather than in terms of the dimensionless independent loss coefficient, A. 
Furthermore, it is customary to use a single value of equivalent length to repre- 
sent the loss of a take-off for systems such as the trunk duct system, whereas 
the results of this investigation have shown that this is not feasible for extended- 
plenum take-offs because the loss is dependent upon the velocity ratio. It is 
therefore desirable to express the performance of extended-plenum take-offs in 
terms of the equivalent feet of round duct as a function of velocity ratio. 

In the preceding discussion, it was indicated that for practical considerations 
the performance of extended-plenum take-offs when expressed in terms of 
equivalent feet were not affected by the following: 


1. Changes in the width of the extended plenum. 
2. Changes in the depth of the extended plenum. 
3. Variation in the size of side take-offs. 

4. Variation in the size of top take-offs. 


5. Proximity of other take-offs. 


These factors indicate the possibility of establishing a single curve applicable 
to the side take-offs and another curve applicable to the top take-offs. Further 
analysis of this possibility proved that such curves could be drawn, and they are 
presented in Fig. 10. In no case does the actual pressure loss of any side or 
top take-off, as determined experimentally, exceed by more than five equivalent 
feet the loss obtained from the corresponding curve of Fig. 10. Since five equiva- 
lent feet of branch duct represent but a small fraction of the normal pressure 
loss of the complete duct system, it can be concluded that these curves can be 
utilized in designing extended-plenum duct systems having plenum and take-off 
sizes of the order of those investigated. The experimental results presented in 
Figs. 4, 5, 7, and 9 have been condensed in Fig. 10 to two curves relating take- 
off loss to velocity ratio. 

Certain practical aspects can be illustrated using the curves of Fig. 10. Re- 
ferring to the curve for side take-offs, the loss varies from 80 to 7 equivalent 
feet of branch duct, the larger loss being at the lower range of velocity ratios. 
For example, a branch velocity of 400 fpm and a plenum velocity of 800 fpm 
represent a velocity ratio of 0.5 and results in a take-off loss of 80 equivalent 
feet. In contrast, a branch velocity of 400 fpm and a plenum velocity also of 
400 fpm represent a velocity ratio of 1.0 and a take-off loss of only 15 equivalent 
feet. 

Referring to the curve for top take-offs in Fig. 10, the loss varies from 70 
to 25 equivalent feet over the range of velocity ratios investigated, the larger 
loss being at the lower range of velocity ratios. It should be noted that at a 
given value of velocity ratio, the pressure loss of a top take-off is considerably 
greater than that of a side take-off. Therefore, top take-offs should be located 
at points on the plenum where a relatively high velocity ratio exists. 

To determine when low velocity ratios, and therefore high take-off losses, 
occur, consider the characteristics of an extended plenum system. A certain 
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volume and velocity exist in the plenum just before the first take-off. A portion 
of the air in the plenum then flows into this take-off and thence into the branch 
duct, and the remainder continues down the plenum. As a result, the volume 
flowing in the plenum just after the take-off is less than that in the plenum just 
before the take-off. Since the area of the plenum is constant throughout its length, 
the plenum velocity decreases after each take-off. Current residential practice is 
to use design velocities of from 700 to 900 fpm for the sections of the plenum 
close to the conditioner. The plenum velocity may therefore be as high as 900 
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fpm at the first take-off and 100 fpm or less at the last take-off. Since the design 
velocity for branch ducts of residential systems are generally of the order of 
600 fpm,? it is evident that low velocity ratios and large losses are characteristic 
of the first few take-offs, and high velocity ratios and small losses are charac- 
teristic of the last few take-offs on an extended plenum. This indicates that 
during the design process careful consideration should be given to the first few 
take-offs. 

Whenever possible, velocity ratios for side take-offs should be greater than 
0.70 in order that the resulting take-off loss will not exceed 35 ft of round duct. 
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In addition, velocity ratios for top take-offs should be greater than 1.0 to provide 
losses less than 45 ft of round duct. If, during the design of an extended plenum 
system, these conditions of velocity ratios are not met, one or more of the 
following changes in the system should be considered: 

1. Increase the plenum size, to decrease the plenum velocity. This provides a higher 
velocity ratio and a smaller take-off loss. 

2. Increase the branch duct velocity by increasing the air flow rate in the branch, 
or by decreasing the size of the branch duct. This may require a slightly higher 
pressure in the plenum. 

3. Rearrange the layout so that the branch ducts having low equivalent lengths and 
large volume requirements will be connected to the first few take-offs. In this regard, 
the location of a top take-off on the plenum at a point close to the conditioner should 
be avoided, since the velocity ratio will tend to be low at this point. 


From information already available, it is possible to determine the pressure 
losses of the various components of extended-plenum duct systems? except those 
of the take-offs. In this paper the pressure losses of standard side and top take- 
offs can be evaluated from the curves of Fig. 10, and, therefore, sufficient infor- 
mation is now available for designing extended-plenum duct systems for resi- 
dential and small commercial applications. 


CoNCLUSIONS AND RECOMMENDATIONS 


For the range of take-offs and extended plenums studied in this investigation, 
the following conclusions and recommendations can be made: 


1. The independent loss coefficient, 4, is a function of velocity ratio, but is not a 
function of length ratio and Reynolds number. 

2. The independent loss coefficient of a side take-off is not affected by the size or 
shape of the extended plenum, the size of the take-off, or the location on the plenum 
relative to other take-offs. This statement also applies to a top take-off. 

3. For a given velocity ratio, the pressure loss of a top take-off is much greater 
than that of a side take-off. 

4. The pressure losses of both side and top take-offs vary over a wide range, and 
are exceedingly large for low values of velocity ratios. Therefore, low values of 
velocity ratio should be avoided whenever possible. 

5. For practical purposes, the relationship between pressure loss and velocity ratio 
is given by a single curve that applies to all side take-offs. Another curve provides this 
relationship for all top take-offs. 

6. Careful consideration should be given to the design of branch ducts located 
near the conditioner in view of the possibility of obtaining low values of velocity 
ratio and resulting high values of take-off loss. 

7. In order to avoid excessive take-off losses, the branch duct size, take-off loca- 
tion, and plenum size should be selected to maintain values of velocity ratio greater 
than 0.7 for side take-offs and greater than 1.0 for top take-offs. 
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WARM-AIR PERIMETER HEATING—HEAT 
EMITTED FROM FLOOR SURFACE? 


PART I 
By J. R. Jamieson*, R. W. Roose** S. Konzott, Ursana, 


NE MEANS for providing for low-cost homes has been the construction 
of basementless structures in which the concrete floor slab is laid on the 
ground. Such floors are likely to be cold’? unless some provision is made for 
adequate insulation® of the edge of the floor slab and for introduction of some 
heat into the floor, especially near the edges where the greatest heat loss occurs. 
The warm-air perimeter system* was devised to eliminate the cold floor at 
the exposed edge by the application of heat in the peripheral area of the floor. 
In this system the warm air from the furnace is delivered through sub-floor 
feeder ducts extending from a plenum chamber under the furnace to the perime- 
ter duct, which is embedded in the floor along the cuter walls. A panel heating 
effect (by radiation and convection) is provided by the warm floor above the 
perimeter duct, and convection heat is supplied by the warm air which is intro- 
duced into the rooms through floor registers located along the outer walls. 
Hence, all of the heated air leaving the furnace is delivered into the rooms 
through registers and is returned to the furnace through return-air intakes 
located at the inside walls or ceiling. 

The overall performance of one type of perimeter heating system has been 
studied® in the Warm Air Heating Research Residence No. 3 at the University 
of Illinois. Since the many variables affecting the heat transfer from the em- 
bedded ducts to the room and to the ground could not be studied individually 
in the Research Residence it was considered desirable to conduct a separate 


{ This investigation is a part of the cooperative project jointly sponsored by the Engineering 
Experiment Station of the University of Illinois and the National Warm Air Heating and Air Con- 
ditioning Association, and is the first of a series dealing with a reesarch investigation conducted in 
the Floor Slab Laboratory at the University of Illinois. 
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1 Exponent numerals refer to References. 

Presented at the Semi-Annua! Meeting of THe American Society oF HEATING AND VENTILATING 
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investigation of these various factors over a two-year period in the Floor Slab 
Laboratory. The overall objectives of the investigation were to determine: 

1. The magnitudes of, and decreases in temperature of the air flowing through both 
the embedded perimeter and feeder ducts. 

2. The magnitudes and distribution of the heat losses to the ground and through 
the edges of the floor slab. 

3. The distribution and the magnitude of floor surface temperatures, as well as the 
heat emission from the floor over the duct (panel effect). 

4. The air distribution and the room-air temperature gradients resulting from the 
use of various types of floor and baseboard registers located along the exterior wall. 
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5. The temperatures and moisture contents of the underlying soils as well as the 
effect of soil moisture on edge insulation. 

6. The effect of a floor covering on Items 1, 2, and 3. 

7. The change in floor surface, room-air, and mean radiant temperatures resulting 
from the use of different sized windows. 

For each of the foregoing objectives a number of independent variables existed 
or were separately introduced. These variables included the following items: 

1. Construction of the floor slabs with four different types of edge insulation. 

2. The temperatures and velocities of the circulating air in the perimeter duct. 

3. Weather effects, such as outdoor temperature, solar intensity, wind velocity and 
direction, and precipitation. 

In this paper the discussion includes only Item 3 and that part of Item 6 of 
the overall objectives referring to heat transfer at the floor surface. 


DESCRIPTION OF FLoor SLAB LABORATORY 


The Floor Slab Laboratory, shown in Fig. 1, was constructed in 1947 for the 
specific purpose of studying methods of insulating unheated concrete floor slabs. 
The one-story building was modified in 1949, to accommodate concrete floor slabs 
with embedded perimeter heating ducts. Further modification was made the 
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following year to provide for the study of objectives 4 and 7. Rooms A, B, 
and C were exposed only to the north while Room D was exposed to both north 
and east; thus, the effect of direct solar radiation upon the rooms was minimized. 
A summary of the overall heat transfer coefficients and design heat losses for 
each room is also given in Fig. 1. The insulated partition walls between rooms 
extended 4 ft below the floor to minimize any heat transfer from adjoining 
spaces. 

The four types of floor-slab edge construction investigated during the 1949-50 
and the 1950-51 heating seasons are shown in Fig. 2. The edge insulation used 
consisted of a rigid and waterproof cellular glass, having a thermal conductivity 
of 0.42 Btu per (hr) (sq ft) (F deg per in.). A 4 in. layer of coarse gravel 
under the floor provided suitable drainage and minimized the capillary rise of 
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moisture from the soil. A duplex-kraft paper was placed over the gravel fill 
for a membrane damproofing, all the joints being lapped and then sealed with 
cold tar. The soil under and adjacent to the Laboratory contained 3 ft of fill 
which was primarily a silty clay composed of 18 percent clay, 53 percent silt. 
24 percent sand and 5 percent gravel. Under the fill was the original black 
silty-clay topsoil which extended to a depth of 4 ft. The soil adjacent to the 
test rooms was graded 8 in. below the floor line and sloped away from the 
building for proper drainage. 

An electric furnace located in the instrument room supplied warm air to the 
perimeter duct. For the studies reported in this paper, warm air was not intro- 
duced into the rooms from the perimeter duct as is the normal procedure in a 
residence provided with a perimeter heating system. A supplemental electric 
heater, controlled by a thermostat, was placed in each room to supplement the 
heat gains from the perimeter duct and to simulate the heat input through a 
conventional register. With this arrangement, a constant air temperature of 
72 F was maintained in each room at the 30-in. level. A mixture of 20 cfm of 
outdoor air, corresponding to one air change per hour, and 60 cfm of recirculated 
air were continuously passed through the supplemental heater. A small flexible 
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damper in each door allowed air to leave the room. The corridor and instru- 
ment room were also maintained at 72 F by separate electric heaters. Similar 
heaters were used in the attic to maintain a temperature of 60 F. 

Complete instrumentation for temperature measurement was provided, con- 
sisting of approximately 600 thermocouples made of No. 24 B and S gage copper 
and constantan wires. In addition to the thermocouples used to measure the 
temperatures of room-air, duct-air, floor surface, etc., a large number of ther- 
mocouples were placed in the soil and in the gravel and concrete under each 


1—Stupres with HeEat-FLow METERS AND THERMOCOUPLES 


In Room A 
TIME oF TEST AvG AvcG AvG No. oF 
TEST Duct-AIR Duct-AIR OvuTDOOR HeEat-FLow 
Starting Total No. SERIES EMP VELOCITY EMP METERS 
Date of Hr F (FPM) F INSTALLED 

Jan. 11, 1950 72 ABCD-3 134 590 34.5 3 
an. 31, 1950 72 ABCD-4 157 610 24.8 3 

far. 2, 1950 24 ABCD-6 106 915 15.0 8 
Mar. 24, 1950 24 ABCD-7 106 375 41.6 8 
Mar. 29, 1950 24 ABCD-8 106 375 31.0 8 
11:00 A.M. 0 | ABCD-9 107° 375 39.0 8 
Apr. 11, 1950 
12:30 P.M. 0" ABCD-9 164> 375 40.5 8 
Apr. 11, 1950 
5:00 P.M. 0 ABCD-9 185» 375 33.0 8 
Apr. 12, 1950 
5:00 A.M. 0* ABCD-9 188» 375 25.5 8 
Apr. 14, 1950 
2:00 A.M. 0" ABCD-9 75 375 29.0 8 
Apr. 15, 1950 
Jan. 23, 1951 192 A-13 145 150 15.1 8 
Feb. 1, 1951 144 A-13a 145 150 15.5 8 


a Data taken with continuous recorder during transient heat-flow test. During this test the duct-air 
temperature was suddenly increased, allowed to level off and then rapidly decreased. 
b Instantaneous temperatures. 


room in a section perpendicular to the axis of the perimeter duct as designated 
in Fig. 1. 

Fifteen heat-flow meters of the Boelter type®* were used for measuring the 
flow of heat to or from the floor surface, eight of these being located in Room A 
for a detailed study of heat transfer at the floor surface. 

Instrumentation was also provided to measure the relative humidity, the elec- 
trical input to the supplemental room heaters, the duct-air velocities, the soil 
moisture contents, and the level of the water table under the building. 


PROCEDURE 


The primary purpose of the study reported in this paper was to determine 
the floor surface temperature distribution and the rate of heat emission to the 
room by radiation and convection from various parts of the floor surface. The 
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initial phase of this study was made on bare concrete floors. A secondary study 
of the effect of a floor covering on the heat transfer from the floor surface was 
conducted in Room A. 

Four experimental and analytical methods were available for determining the 
rate of heat flow from the floors as follows: 

Method A. By empirical heat transfer equations—utilizing the measurements of 
room-air, floor, ceiling and wall surface temperatures and applying them to equations 
for radiation and natural convection. 

Method B. By direct measurement—using heat-flow meters. 

Method C. By applying a heat balance—equating the heat gain from the floor sur- 
face and supplemental heaters with the above-ground heat losses. 


| 2-1N. “L" TYPE 2-IN. “L" TYPE 
EDGE INSULATION EDGE INSULATION 
| =. | \ ROOM A 
F_| pare 
| OUCTIROO ~ 
48 106 72 |3/6/50 
27 105 | 72 {3/9/50 \ 
| i--0--| 10 | 72 /2/26. 
915 FPM DUCT-AIR VELOCITY 
\ 
f \ \ 
« 80 « 80 x 
\ 
YUN 
= 
$70 
a - UNHEATED FLOOR WITH SIMILAR™ 3 rouct ¢ 
EDGE INSULATION (26F ouroooR) 
2 | puct ¢ | 
TEMPER, 
| 25 72 |2/-3/50 
134 28 72 
106 9 72 |/5-7/50 
600 DUGT-AIR VELOCITY 
2 3 2 3 4 5 
DISTANCE FROM OUTER WALL, FT. DISTANCE FROM OUTER WALL, FT. 
Fic. 3. SurFACE TEMPERA- Fic. 4. Errecr oF Duct-AIrR 
TURE PATTERNS WITH UNHEATED TEMPERATURES UPON FLooR Sur- 
AND PERIMETER HEATED FLoors FACE TEMPERATURE PATTERN 


Method D. By heat-flow diagrams—graphically analyzing the temperature pattern 
in the slab and ground. The method was found to give a qualitative analysis, but the 
data were not sufficient to give precise quantitative values of heat flow. 

Continuous records of outdoor, room-air, duct-air, and other critical tempera- 
tures were made throughout the investigation. Daily readings were taken of 
all thermocouples, heat-flow meters, and duct-air velocities; in addition, the 
special studies listed in Table 1 were made when relatively stable weather pre- 
vailed. 


FLoor SurFACE TEMPERATURE DISTRIBUTION 


Basementless homes built with concrete floor slabs laid directly on the ground 
are subject to cold floors, particularly around the periphery of the house where 
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the heat loss from the floor slab is greater than that through the center portion 
of the floor. Typical patterns of the floor surface temperatures, both with the 
floor heated and unheated, are shown in Fig. 3. The highest floor surface tem- 
perature was observed over the center of the perimeter duct. Furthermore, the 
floor surface temperatures in the peripheral area within four feet from the outer 
wall were markedly increased by the presence of the heated perimeter duct. The 
temperature patterns of the heated floor such as shown in Fig. 3 are affected by 
a number of factors of which the following four are of major importance: 

1. Outdoor Temperature: For a constant duct-air velocity and temperature, the 
change in floor surface temperatures resulting from a change in outdoor temperature 
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was small. For example, as shown in Fig. 3, the difference in floor surface tempera- 
tures over the center of the duct was only 3 deg for a difference in outdoor tempera- 
ture of 38 deg. Smaller differences in floor surface temperatures were observed in 
the center section of the floor. The lower surface temperature of the floor accompany- 
ing the lower outdoor temperature has been attributed to an increase in radiation heat 
transfer from the floor to the cooler surrounding surfaces. However, it should be 
noted that in an actual residence this reduction in floor surface temperature would 
not occur since the increased heat demand in cooler weather would automatically bring 
about an increase in duct-air temperature. 

2. Duct-Air Temperature: For a constant duct-air velocity and outdoor tempera- 
ture the floor surface temperatures were markedly affected by the duct-air tempera- 
ture. For example, the surface temperatures over the center of the duct, as shown 
in Fig. 4, increased 20 deg when the duct-air temperature was increased by 50 deg. 
The maximum floor surface temperature of 108 F was obtained with a duct-air tem- 
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perature of 157 F. In this connection the recommended values for maximum allowable 
surface temperatures® are 120 F for borders and aisles and 85 F for the remainder 
of the floor. 

3. Edge Insulation: Previous investigations!» 3 made with unheated floors indicated 
that the use of edge insulation increased the temperature of the floor surface imme- 
diately adjacent to the outer wall, but was relatively ineffective as far as the floor 
surface in the middle of the room was concerned. A similar trend was observed in 
the present investigation with the floor heated by a perimeter duct. 

4. Duct-Air Velocities: A large number of observations of floor surface temperatures 
over the perimeter duct were made with various values of the duct-air temperature. The 
average curves shown in Fig. 5 were based upon these observed data. In order to 
avoid confusion, only the observed values for 150 fpm and 600 fpm velocity have been 
included. A large portion of the scatter of points can be accounted for by the fact 
that constant outdoor temperatures did not prevail. In general, the curves can be 
considered to represent an average outdoor temperature of 25 F. The fact that higher 
floor surface temperatures were obtained with the larger values of duct-air velocities 
is in agreement with the predicted trends based upon considerations of heat transfer, 
that is, an increase in duct-air velocity would decrease the thermal resistance of the 
air film adjacent to the duct surface, and hence would result in a higher floor sur- 
face temperature as well as a higher rate of heat transfer to the room. 


DETERMINING RATE OF HEAT FLOW FROM FLOOR 


A considerable disagreement exists in the literature concerning the magni- 
tude of the total heat emission from a heated floor slab. Although the floor slab 
heated with a perimeter duct exhibits temperature characteristics which differ 
from those of a fully heated floor, it should be possible to evaluate the heat 
emission characteristics and thereby to ascertain the validity of the claims made 
in regards to the magnitude. For this purpose, one analytical method, designated 
as Method A, and two experimental methods, designated as Methods B and C, 
were used. The results obtained by each method will be discussed. 


MetHop A—THE APPLICATION OF TEMPERATURE MEASUREMENTS TO 
EmpirIcAL HEAT TRANSFER EQUATIONS 


Method A involves the use of semi-empirical equations of heat transfer. Part 
1 of this discussion refers to the radiation component, Part 2 to the convection 
component of heat transfer, and Part 3 to the total heat emission from the floor. 
In this study, the heat flow from the floor surface was considered per unit area 
of floor surface along the center line of the room, perpendicular to the exposed 
wall. 

1. Radiation: The transfer of heat by radiation can be expressed by the 
Stefan-Boltzmann equation: 


(qr/A) = 0.173 X 10-8 FeFa (Te* — 
where 


(ai) = heat loss by radiation to or from the floor, Btu per (hour) (square foot). 
= the emissivity factor, dimensionless. 
For a large enclosed body, or parallel planes, 
Fg = 1/(1/e: + 1/e2 — 1) 
where e, and é2 are the emissivities of the emitting and absorbing surfaces, 
respectively’. All surfaces were assumed to have an emissivity of 0.90, or 
a combined effective emissivity, Fr of 0.82. 
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F, = the configuration factor, dimensionless. This factor accounts for the 
shapes and relative positions of the emitting and absorbing surfaces. 

T. = temperature of the emitting surface Fahrenheit, absolute. 

T, = temperature of the absorbing surface Fahrenheit, absolute. 


The heat transfer by radiation can be calculated by considering the radiation 
exchange from the floor to each unheated surface taking into account the shapes 
and relative positions of the surfaces involved in the exchange. In this pro- 
cedure, each unit area of the floor is considered to be exposed to a mean radiant 
temperature which in turn is dependent upon the temperature of each of the 
surrounding surfaces and the included solid angle which the surface makes with 
respect to the unit area. This procedure is hereafter designated as the mean 
radiant temperature, or MRT, method. The heat emission by radiation from 
a unit area of the floor to the walls and ceiling can be expressed by the sum- 
mation: 


(qr/A) (@rn/A) + (qre/A) + (¢rs/A) + (Grw/A) + (@re/A) (2) 


The subscripts n, e, s, w, c, refer to the respective north wall, east wall, south 
wall, west wall, or ceiling surface. In terms of Equation 1 this becomes: 


(qe/A) = 0.173 X 10-8 X 0.82 [Fan (Ti! — To) + Fae — Te!) + Fas (TH 
— T9 + Fes — + Fac TM... .. (3) 


The temperature, T;, was the floor surface temperature of each unit area. The 
configuration factor F, must be evaluated for each unit area of the floor with 
respect to each separate wall or ceiling surface. The values shown in Fig. 6 
were determined by the graphical method of Hottel,® and were used with Equa- 
tion 3 for the determination of the radiant heat transfer component of the total 
heat flow at the floor surface. 

The preceding MRT method involves tedious computations so that a simpler 
procedure, designated herein as the AST method, is generally used. In this 
procedure the temperature of the absorbing surface T, is assumed to be equal 
to the weighted average surface temperature (AST) of the walls and ceiling. 
That is, 


(AST) = (tnAn + + + + teAc)/(An + Ae + As + Aw t+ Ae) . (4) 
where 
t = temperature of the unheated surface, Fahrenheit. 


The value of AST thus obtained and converted to absolute temperatures replaces 
the temperature T, in Equation 1. Also, a value of 1.0 is used for the configura- 
tion factor 

Both the MRT and the AST methods were applied to a specific condition for 
which the surface temperatures are shown in Fig. 7a. The resulting radiation 
components of heat transfer from the floor are shown in Fig. 7b. In general, 
the MRT method produced higher results than those by the AST method for the 
section of the floor studied. The largest deviation, which was only 2 Btu per 
(hr) (sq ft), occurred directly over the center of the perimeter duct. The 
deviation can be attributed to the fact that in the MRT method the large solid 
angle generated by the cold outer wall was taken into account, whereas in the 
AST method the temperature of the cold north wall was given the same weight 
as that for the warmer south wall and the configuration factor of both walls 
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was considered to be the same. Since the MRT method gives precise results, 
it was used throughout this analysis. 

2. Convection: The convection component of total heat emission from the 
floor can be determined from semi-empirical equations which depend upon 
experimental evaluation of the numerical constants. No single equation for 
heat transfer by natural convection from a horizontal surface to the air above 
has been unanimously accepted. Most of the equations have been reduced to the 
following simple form: 


(g/A)=Keo .............. 
where 


(qe/A) = component of total heat emitted by natural convection, Btu per (hour) 
(square foot). 
© = temperature difference between the surface and the air, Fahrenheit. The 
point of measurement of the air temperature has not been clearly defined, 
but is assumed to be in the turbulent region immediately adjacent to the 
laminar layer that lies along the surface. 


K and n are constants which depend on the following factors: (a) position of the 
surface (horizontal, vertical, etc.); (b) direction of heat flow (to or from the surface); 
(c) magnitude of the temperature difference; (d) mean temperature; (e) point of measure- 
ment of the air temperature; (f) size of the surface; (g) roughness of the surface. 


Table 2 lists a large number of values of K and n, as reported by a number 
of investigators, together with some physical details of the original experimental 
studies. The objective of this investigation was to determine whether Equation 
5 was applicable to a floor surface with a non-uniform temperature and under 
both steady state and transient heat flow conditions. 

The heat-flow by natural convection at the floor surface was calculated by 
means of each of the following equations: 

1. For the section of floor warmer than the adjacent air 


(qe/A) = 0.81 (Wilkes and Peterson) ....... (6) 
= 0.48 61% (Nusselt, Henky) ........ (7) 
(qe/A) = 0.38 61% (Griffiths and Davis, McAdams) ... . . . (8) 
(qgo/A) = 0.28 6-3 (King) ....... 
2. For the section of floor colder than the adjacent air 
(q-/A) = 0.38 (Wilkes and Peterson). ...... . (10) 
(qe/A) = 0.22 (Nusselt, Henky)........ . (11) 
(ge/A) = 0.21 6 (Griffiths and Davis, McAdams)... . . . (12) 
(q-/A) = 0.15 (King) ....... 


In the range of floor surface and room-air temperatures encountered with 
residential heating systems, the results obtained by the use of the equations of 
Jakob and Heilman produced essentially the same values as those by the King 
equation. 

The rcom-air temperatures were measured at seven levels and at seven sta- 
tions in the rooms. Preliminary observations indicated that the small tempera- 
ture differences existing between the air and surrounding surfaces produced a 
negligible error in the temperature observations due to thermal radiation from 
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the surrounding surfaces to the thermocouples. Only those temperature readings 
at the l-in. and 3-in. levels were considered applicable in the convection equa- 
tions. Such observations, shown in Fig. 7a for a cold day, did not show a 
difference of more than 1 deg for any given station. The values of the tem- 
perature difference © were obtained by subtracting the room-air temperatures 
at the 1-in. level from the temperature of the floor surface immediately below. 
3. Total Heat Emission: The convection Equations 6 to 13 were used indi- 
vidually in conjunction with the radiation Equation 3 to obtain values of the 
total heat emission rate (q,/A) at various distances from the outer wall. These 
values were plotted as shown by the four broken-line curves in Fig. 7c. Similar 
calculations of the total heat emission rate, utilizing the air temperatures at the 
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3-in. level for the evaluation © in Equations 6 to 13, resulted in an increase 
of 1.4 percent over the center of the duct and a decrease of 2.0 percent at the 
center of the room. It can be concluded that for practical applications the air 
temperature at either the l-in. or 3-in. levels can be used in evaluating 9. A 
comparison of these calculated results by Method A with the measured results 
of Methods B and C are given in the following sections. 


MetHop B—Heat Emission AS MEAsSuRED BY HEAT-FLow METERS 


The eight heat-flow meters in Room A were located on the floor adjacent 
to the temperature measuring stations and at locations 0.5, 0.83, 1.25, 2, 3, 4, 
5, and 6 ft from the outer wall. A confirmation of the meter calibrations, fur- 
nished by the manufacturer, was made at the end of the heating season. An 
additional calibration made on one of the meters by the National Bureau of 
Standards showed an agreement within 3 percent of that supplied by the manu- 
facturer. 
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The results obtained with the heat-flow meters are shown by the solid-line 
curve in Fig. 7c. Both the calculated and experimental data as represented by 
the curves indicate an upward heat flow in the peripheral area of the floor and 
a small downward heat flow in the center area of the room. For distances 
greater than 2.5 ft from the outer wall the measured heat emission rates by the 
heat-flow meters were in excellent agreement with the calculated rates based 
upon radiation Equation 3 and the convection Equations 6 to 13. For distances 
closer to the outer wall a good agreement was obtained between the measured 
and calculated values, particularly in the case of the application of the King 
Equation 9. The total heat emission rates calculated by means of the convection 
Equations 6 and 7 were only in fair agreement with the measured rates, and 
were from 12 to 25 percent higher than the values of King. Since the King 
Equation 9, and to some extent the McAdams Equation 8, showed the best cor- 


| TING PHASE’ | | | LING PHASE’ 
eo} - + | +—-}— —_}-—— Room _a —; t $——}——| ROOM _A | 
ge METHOD 8, HEAT METERS gt il HEAT_METE 
w= 40) 375 FPM DUCT-AIR VELOGITY ue 
a | a 
Ne 
-e |! NY | | | | 
cH 
DISTANCE FROM OUTER WALL, FT DISTANCE FROM OUTER WALL, FT 


@) (A) 


Fic. 8. Herat EMISSION FROM FLooR SURFACE UNDER TRANSIENT HEAT FLow 
CoNDITIONS 
(a) Heatinc PHase PHASE 


relation with the measured results, all subsequent comparisons were made only 
with Equation 9. 

The only noticeable discrepancy between the calculated and measured heat 
emission curves of Fig. 7c was observed in that portion of the curve representing 
the heat flow from the floor immediately above the perimeter duct. Part of 
this discrepancy may be attributed to the radial pattern of heat flow from the 
perimeter duct which produced a lower temperature differential across the hot 
and cold junctions of the thermopile in the heat-flow meters, and, consequently, 
a reduced and fictitious value for heat flow. 

The data shown in Fig. 7c were obtained under steady-state conditions of 
heat flow. A supplemental study was conducted to determine the rates of heat 
emission from the floor surface under transient conditions of heat flow. Prior to 
the start of this study, both the velocity and temperature of the air in the per- 
imeter duct were maintained at constant values. The heat input to the perimeter 
duct was then doubled, causing the duct-air temperature to rise from 107 F to 
157 F in 1% hr. During this heating phase, the floor surface temperature 
directly over the perimeter duct increased, attaining a rate of 8 deg per hr ap- 
proximately 114 hr after the heat input was increased. The increased heat input 
was maintained for several days until new steady-state conditions prevailed. The 
heaters in the electric furnace were then disconnected at the beginning of the 
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cooling phase, and cold air was circulated through the perimeter duct, thus caus- 
ing a rapid reduction in duct-air temperature. The cooling rate of the floor 
surface above the perimeter duct was 14 deg per hr about 11% hr after the 
heaters were disconnected. 

During this entire study the outdoor temperature remained relatively constant 
between 30 and 40 F. Measurements of temperature and heat flow were made 
during both the heating phase and cooling phase approximately 114 hr following 
the initial changes in duct-air temperature. The measured rates obtained by 
heat-flow meters are shown as solid lines in Figs. 8a and 8b. As in the previous 
discussion, calculated rates of heat transfer incorporating values from Equations 
3, 9, and 13 were determined from the actual instantaneous temperatures. These 
calculated rates are shown as broken-line curves in Figs. 8a and 8b. A com- 
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parison of the calculated and measured rates shows good agreement between 
the theoretical and experimental results during these transient conditions. 


MetHop C—HeEat Fiow as DETERMINED BY APPLYING A HEAT BALANCE 


In both calculated Method A and the experimental Method B, the floor area 
under consideration was a center strip (only one unit in width) running from 
the outer wall to a point six feet from the wall. Furthermore, with both methods 
it was possible to obtain a heat-flow pattern, or gradient, of the types shown 
in Figs. 7c, 8a, and 8b. The integrated heat flow from this center strip of one 
unit width is represented by the area under the curves. If the assumption is 
made that the heat-flow pattern of the center strip is an average pattern for all 
of the unit-width strips in the room, the integrated heat flow from the entire 
floor can be obtained by multiplying the integrated heat flow from the center 
strip by the number of such incremental areas included in the entire floor area. 

Since the actual heat losses through the walls and ceiling were offset by the 
heat gain from the heated floor and that from the supplemental heaters, as shown 
in Fig. 9, a method was available for evaluating the heat gain from the floor 
without recourse either to temperature measurements alone (Method A) or to 
direct measurements by means of heat meters (Method B). Specifically, the 
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procedure designated as Method C involved a heat balance of the following 
nature: 


(Qp/L) = (Q./L) (4 
where 


(Qp/L) = net heat emission from floor, or panel effect, Btu per (hour) (linear foot of 
exposed edge). 
n this study the net heat emission represents the heat emitted from a 
— of floor one-foot wide and 12 ft in length perpendicular to the outer 
wall. 
(Q,/L) = above-ground heat losses, Btu per (hour) (linear foot). 

The heat losses from the room included transmission losses through the 
exposed walls and ceiling and the heat required to warm the incoming 
ventilation air. These were grouped together and have been referred to as 
the above-ground heat loss. This was determined by calibration of each test 
room. In this procedure, 8 in. of mineral wool insulation was placed on the 
unheated floors, and daily inputs to the supplemental heaters were 
recorded. The small amount of heat flow through this insulation was 
subtracted from the heat input to the supplemental heaters, to obtain Qs. 
— values were found to be in close agreement with calculated heat 

osses. 
(Q./L) = heat input to supplemental heater during normal operation of the room, 
Btu per (hour) (linear foot). 


The required data included daily records of outdoor, attic, ventilation, and 
room-air temperatures, and the electrical input to the supplemental heaters. 
These data were obtained throughout both heating seasons. 


The four factors that were shown to affect the temperature distribution of 
the floor surface were also considered to affect the net heat emission from the 
floor surface and were therefore investigated in detail as follows: 


1. Duct-Air Temperature: The curve in Fig. 10a, for an average duct-air velocity 
of 600 fpm, indicated that an increase in perimeter duct-air temperature resulted in 
a greater net heat emission from the floor surface. 


2. Duct-Air Velocity: Data are also shown in Fig. 10a for duct-air velocities of 
150, 375, and 915 fpm. The greater heat emission rates, resulting from the use of 
higher velocities, were attributed to the reduction in thermal resistance of the inside 
air film of the perimeter duct. The negative heat emission rates, as shown by the few 
points in Fig. 10a, were obtained with the combination of low duct-air temperatures 
and velocities. These negative rates occurred when the heat emitted from the section 
of floor over the perimeter duct was not sufficient to offset the downward heat loss 
in the remaining area of the floor 


3. Outdoor Temperature: The scattering of the points representing a fixed velocity 
and duct-air temperature was partially due to the effect of outdoor air temperature. 
For example, the group of eleven points indicated by the open circles in the right 
hand portion of Fig. 10a were obtained for a range of outdoor temperatures varying 
from 15 to 45 F. In order to show the effect of outdoor temperature alone, that is, 
with constant duct-air temperature and velocity, these eleven points were replotted as 
shown in Fig. 10b. The fact that the heat emission rate increased as the outdoor 
temperature increased has been attributed to the smaller edge losses and the accom- 
panying higher floor surface temperatures over the perimeter duct. It should be kept 
in mind that the trend shown in Fig. 10b is not directly applicable to the normal 
operation of a perimeter heating system in a residence since a constant, rather than 
a variable, duct-air temperature has been maintained. 
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4. Edge Insulation: While the application of insulation at the edge of the slab 
raised the temperature of the floor at the extreme outer edge a slight amount, and 
hence resulted in a slight increase in heat emission, the increase was not of great 
consequence. However, as will be shown in a later report, the edge insulation was 
effective in reducing the magnitude of heat loss outward through the edge. 
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The data shown in Fig. 10b provides a means for comparing the results by 
Method C with those by Method A. The solid circles in Fig. 10b represent the 
heat emission rates based on Method A. These rates were determined by inte- 
grating the area under curves of the type shown in Fig. 7c. The rates thus 
obtained were found to be in good agreement with those by the heat balance 
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method. Furthermore, similar comparisons at other duct-air temperatures and 
velocities showed equally good agreement. 


EFFECT OF A FLoor COVERING 


The preceding discussion was based on the heat emission from bare concrete 
floors. Much speculation has been made as io the effect on the rate of heat emis- 
sion by the application of a floor covering on a heated floor. In general, the 
application of any floor covering should reduce the rate of heat emission 
from the floor due to the additional thermal resistance. However, in the case 
of rugs or carpets, the possibility has been suggested that the floor covering 
might increase the heat emission by convection because of the additional surface 
added by the many fibers in the rug or carpet. 

For this phase of the investigation a wool carpet and pad were selected having 
the following physical properties : 


CARPET Pap 
9x 12 8.75 x 11.75 
Weight, Ib...... 26.7 25.0 
Thickness, in... ... 3% 3% 


The carpet and pad were placed on the floor of Room A with the edge of the 
carpet flush with the outer wall. The study was conducted during Series A-13a 
(Table 1) with the duct-air temperature and velocity maintained as in Series 
A-13, with a bare concrete floor. The heat-flow meters remained on top of the 
concrete floor and were below the carpet and pad. 

Typical heat emission curves for both bare and carpeted floors under similar 
conditions of operation are shown in Figs. 1la and 11b. The application of the 
carpet caused a marked decrease in the rate of heat emission from the heated 
floor near the duct and little difference in downward heat flow in the center 
section of the room. The net rate of heat emission of the bare concrete floor, 
as determined from the area under the curves in Fig. lla was 37 Btu per (hr) 
(linear ft) whereas the rate for the carpeted floor was 21 Btu per (hr) (linear 
ft). For a constant duct-air velocity and temperature, therefore, the application 
of a carpet and pad to the floor surface reduced the heat emission approximately 
45 percent. While this percentage reduction in net heat emission was large, 
heat delivery to the room of a residence equipped with a perimeter heating 
system would not be seriously affected. As was previously mentioned, only a 
portion of the total heat is emitted through the floor surface and into the room, 
the remainder being delivered from the registers. As a matter of fact, the sys- 
tem has self-balancing characteristics since any reduction in heat emission from 
the floor surface would be partly compensated by an increase in register heat 
delivery. 

Comparison of the curves in Fig. lla for the bare concrete floor also shows 
good arrangement between the experimental results obtained by direct measure- 
ments of heat flow (Method B) and those obtained by the application of tem- 
perature measurements to the proper heat transfer equation (Method A). In 
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the studies where the floor was covered with a carpet, as shown in Fig. 11), 
the calculated results were slightly greater than those obtained by direct meas- 
urement. The discrepancy was probably due to the difficulties in obtaining a 
true temperature of the carpet surface. For this purpose the thermocouples were 
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taped to the surface of the carpet and probably gave temperature readings that 
were slightly high?®. 
CoNCLUSIONS 


The perimeter duct installation discussed in this paper consisted of an 8 in. 
diameter galvanized-iron duct embedded in concrete and located with the center 
6 in. below the floor surface and 8 in. from the outer wall. None of the air 
flowing through the perimeter duct was discharged into the room. The following 
discussion applies specifically to this arrangement. 
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The perimeter duct embedded in the concrete floor around the periphery of 
the building supplied heat to the floor over an area 3 to 4 ft wide. Jucreases in 
duct-air temperature, duct-air velocity, outdoor temperature, and amount of edge 
insulation increased both the floor surface temperatures and the amount of heat 
emitted from that area. One of the limiting features of any floor heating system 
is the magnitude of the floor surface temperatures experienced. In this con- 
nection the A.S.H.V.E. Guipe® in Chapter 23 recommends 120 F as the maxi- 
mum floor surface temperature for floor areas at the border of a room. Results 
of this investigation indicated that in order to obtain a floor surface temperature 
of 120 F an average perimeter duct-air temperature in excess of 180 F would 
have been required. However, since current practice!? in warm air heating of 
residences utilizes a maximum bonnet-air temperature of only 165 F at design 
conditions, little danger exists of attaining floor surface temperatures as high 
as 120 F. 

Three independent methods for determining the heat emission rates from a 
floor surface were investigated. In Method A both the radiation and convection 
components of heat transfer from the floor surface were separately calculated 
by means of available equations. The radiation component, as defined by the 
Stefan-Boltzmann equation, was determined by two different procedures. The 
mean radiant temperature (MRT) method of calculating the radiation heat 
transfer provided slightly higher results (1.4-2.0 percent) than did the average 
surface temperature (AST) method. The convection component of heat transfer 
was determined by means of eight empirical equations, four of which applied to 
the section of the floor warmer than the room-air, and the remainder of which 
applied to the section of floor cooler than the room air. The calculated heat flow 
using the King equation for convection and the Stefan-Boltzmann equation for 
radiation was found to be in excellent agreement with the experimental deter- 
mination of heat flow by the use of heat-flow meters (Method B). 

The calculated values of Method A using both the King and Stefan-Boltzmann 
equations were also found to be in good agreement with the total heat emission 
from the floor surface as determined by a heat balance (Method C). It was 
concluded that the King equation for natural convection and the Stefan-Boltz- 
mann equation for radiation provided means for predicting the heat emission 
from a perimeter heated floor from known temperature measurements. 

For practical design purposes an average curve has been presented to correlate 
the net heat emission from the floor with the average duct-air temperature. In 
this study the net heat emission represents the heat emitted from a strip of floor 
1 ft wide and 12 ft in length perpendicular to the outer wall. For average duct- 
air temperatures of 120 F, 130 F, and 140 F the corresponding net heat emission 
rates were 28, 39, and 50 Btu per (hr) (linear ft of exposed edge). For rooms 
other than 12 ft in width, a correction for a downward heat flow must be made. 
If the room is over 12 ft in width, the correction amounts to --2 Btu per (hr) 
(ft of width) and for rooms less than 12 ft in width the correction amounts to 
+2 Btu per (hr) (ft of width). The placement of a carpet and pad over the 
floor resulted in net heat emission rates approximately one-half of those for the 
bare floor for the same conditions of duct-air temperature and velocity. 

The magnitudes of the heat emission from a perimeter duct to the room can 
be best shown from an example. Consider the case of a 24-ft X 32-ft residence 
having a peripheral length of 112 ft. A perimeter heating system for such a 
residence which maintains an average perimeter duct-air temperature of 140 F 
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would develop a net heat emission, or panel effect, of about 5600 Btu per hr. 
This panel effect from the perimeter duct alone would be supplemented by the 
heat gain from the radial feeder ducts leading from the sub-floor plenum to the 
perimeter ducts. The magnitude of the panel effect from the feeder ducts would 
depend on the arrangement and lengths of the feeders. The total heat emission 
from both the perimeter and radial feeder ducts would represent a substantial 
portion of the total heat required to offset the heat loss from the structure. The 
balance of the total requirements would be offset by the heated convection air 
discharged from the registers. Any reduction in the heat emission from the 
floor surface by the application of carpeting would be partially offset by an 
increase in the convection heat delivery through the register. 

Also, it is of interest to note that in the example mentioned, a heated floor 
area 3 ft wide extending around the entire periphery represents 37.5 percent 
of the total floor area. When consideration is given to the additional floor area 
heated by the feeder ducts, over one-half of the floor area of the small residence 
would be serving as a floor panel. Strictly speaking, therefore, the warm-air 
perimeter heating system can be classified as a convection-panel system. 
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DISCUSSION 


R. M. Stern, Seattle, Wash.: I would like to compliment the authors on a very 
interesting and useful paper. 

My office has done about three hundred residence layouts in the past three years. 
Most of these have been small homes, although not necessarily low cost. Probably 
two hundred of the jobs have used floor registers in preference to baseboard or high- 
wall. 

In my opinion, the one big deterrent to the acceptance of perimeter heating is the 
lack of suitable floor registers. There are only two makes of floor registers now 
available that are at all attractive to floor use. 

These several floor registers now manufactured do not completely meet require- 
ments in desirable factors in such a register location. The floor register should not 
only spread the air up across the window, but also should be adjustable in spread 
and should have means for tipping the air slightly away from the windows to avoid 
waving of drapes or fluttering. It is desirable to hold the register as near as possible 
to the wall of the room, i.e., within 4 in., or 5 or 6 in. where the drapes are voluminous. 
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The register that lets the air gush up from it directly under the drapes is entirely 
unsatisfactory. Fin spacing should be quite close to prevent small objects from falling 
into the duct. 

We have gone to the trouble of a double handling proposition on the obtaining of 
suitable floor registers. A suitable core with very close fin spacing and the necessary 
deflection features is obtained from a certain manufacturer. We then have a local 
metal working plant take these cores and put on a suitable border and finish the 
registers. Thus the owner pays about $5.00 for a grille and $11.00 for a register. 
Sixty or seventy jobs a year under such handicaps indicates there is a demand for 
such register use. 

Most of our floor register jobs do not go into concrete slab-on-ground homes. 
About 75 percent have been frame floor jobs. 

This may indicate to alert manufacturers the potential demand for a good floor 
register. 1 hope some will make it easier to obtain the good registers desired. 


M. C. Gretner, Los Angeles, Calif.: I would like to ask Mr. Jamieson about the 
practical aspects of this type of system. (1) How is the duct constructed; of what 
material, and how is it sealed at the joints—whether or not there are any unusual 
problems there. (2) I wonder if some of the work that was mentioned earlier on 
the slot distribution might not properly tie in with this type of system? 


K. F. Batpwin, Jr., Berkeley, Calif.: I wish to add our experiences in this line 
to those of the previous commentator. One further difficulty which we have had 
recently was brought to light by an experience where we went into an old residence 
that had been built for about fifteen years. Over a truckload of dirt was removed 
from the underfloor ducts that had accumulated in unused portions of the system. In 
this same place, there was a great deal of difficulty due to this dirt and dust which 
would flow out and onto the draperies and curtains when the system was started at 
the beginning of each heating season. This is a problem that may not be obvious at 
the beginning but which gets worse as time goes on. Just what the answer is to this 
problem, we do not know. 


J. E. Murray, San Francisco, Calif.: I wonder what the temperature drop of the 
heated air is between the furnace and final delivery at the registers; and, have there 
been readings taken on the lag in warm-up time, taking into consideration periodic 
heating ? 


AutHors’ CLosureE: There are a number of different types of floor registers available 
today that were designed for warm-air perimeter heating installations. Such floor 
registers are usually about 14 in. long and 2 or 4 in. wide with a rather close fret 
spacing. In some instances these frets are constructed so as to diffuse the air leaving 
the register. The registers are placed over the perimeter duct, and generally under 
windows or in other areas where large heat losses occur. 

The ducts to be embedded in the concrete slab are usually constructed of 24 or 28 ga. 
galvanized iron. However, many installations have been made using vitrified clay tile, 
concrete pipe, or fiber tubes. Information pertaining to the installation of a perimeter 
heating system covering such items as types of registers, register location, duct loca- 
tion, etc. can be obtained from the National Warm Air Heating and Air Conditioning 
Association, 145 Public Square, Cleveland 14, Ohio in its Manual 4. 

The use of the perimeter heating type of floor register has greatly reduced the 
amount of dirt that usually falls into the registers as these registers are much smaller 
than those used earlier in the gravity warm-air system. The placement of these 
registers in areas less frequently traversed together with the use of higher duct-air 
velocities, and the use of filters in the furnace all tend to reduce the amount of dust 
that is collected and distributed in the perimeter system. 
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A study was made at the Floor Slab Laboratory at the University of Illinois on 
various methods of delivering air into the rooms from the perimeter duct. This study 
included various sizes and types of floor registers, an inclined-face baseboard register, 
and several types of continuous-slot baseboard registers, all of which were located on 
or near the outer walls. The results of this phase of the investigation will be reported 
in the University of Illinois Engineering Experiment Station Bulletin entitled Heat 
Emission Characteristics of Warm-Air Perimeter Heating Ducts, currently in 
preparation. 

In answer to Mr. Murray’s questions concerning the magnitude of the temperature 
drop of the heated air between the furnace and the registers as well as the time lag” 
of the system, I would like to point out that these items were studied during the 
2-year perimeter heating investigation at the Floor Slab Laboratory. The results will 
be presented in papers entitled Warm-Air Perimeter Heating—Temperature Drop in 
Ducts Embedded in Concrete Floors, Part I], and Warm-Air Perimeter Heating— 
Heat Losses From Floor Slab, Part III, currently in press. 
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HE THERMAL efficiency of central heating warm-air furnaces now may 
be determined by a simplified flue and jacket loss procedure that may be 
readily applied by manufacturers of appliances in their own test work. 
Selected from a number of methods investigated by the AGA Laboratories 
at the request of the Subcommittee on Approval Requirements for Central Heat- 
ing Gas Appliances, the new procedure eliminates the use of an air flow measure- 
ment device, thereby reducing considerably the time and effort required for the 
test without diminishing the precision of the former procedure. The committee 
has adopted the new procedure for determining the thermal efficiency of all 
central heating warm air furnaces whether of the forced air or gravity type. 
It does not, however, apply to floor furnaces for which separate requirements 
exist. 


Previous Test METHOD 


The standard test method for determining the thermal efficiency of gas-fired 
warm-air furnaces was initially established by the committee in 1927. This 
procedure required measurement of the air flow rate and of the air temperature 
rise during its passage through the furnace, to determine the amount of heat 
transferred to the outlet air stream. The ratio of the heat acquired by the air 
stream to the heat supplied to the furnace by the gas consumed, was taken as 
the thermal efficiency of the unit. Flue loss also was measured and the remain- 
ing balance of the heat supplied was charged to jacket and unaccounted for 
losses. 

While this method proved adequate for a period of some 18 years, the pro- 
cedure became increasingly involved as various refinements were adopted. For 
this reason the study of alternate test methods was made, and the precision of 
such procedures was carefully compared with that of the established method. 
The study covered both gravity and forced air furnaces. The major factor com- 
plicating the established standard procedure for determination of thermal effi- 
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A study was made at the Floor Slab Laboratory at the University of Illinois on 
various methods of delivering air into the rooms from the perimeter duct. This study 
included various sizes and types of floor registers, an inclined-face baseboard register, 
and several types of continuous-slot baseboard registers, all of which were located on 
or near the outer walls. The results of this phase of the investigation will be reported 
in the University of Illinois Engineering Experiment Station Bulletin entitled Heat 
Emission Characteristics of Warm-Air Perimeter Heating Ducts, currently in 
preparation. 

In answer to Mr. Murray’s questions concerning the magnitude of the temperature 


drop of the heated air between the furnace and the registers as well as the time lag 


of the system, I would like to point out that these items were studied during the 
2-year perimeter heating investigation at the Floor Slab Laboratory. The results will 
be presented in papers entitled Warm-Air Perimeter Heating—Temperature Drop in 
Ducts Embedded in Concrete Floors, Part I], and Warm-Air Perimeter Heating— 
Heat Losses From Floor Slab, Part III, currently in press. 
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procedure required measurement of the air flow rate and of the air temperature 
rise during its passage through the furnace, to determine the amount of heat 
transferred to the outlet air stream. The ratio of the heat acquired by the air 
stream to the heat supplied to the furnace by the gas consumed, was taken as 
the thermal efficiency of the unit. Flue loss also was measured and the remain- 
ing balance of the heat supplied was charged to jacket and unaccounted for 
losses. 

While this method proved adequate for a period of some 18 years, the pro- 
cedure became increasingly involved as various refinements were adopted. For 
this reason the study of alternate test methods was made, and the precision of 
such procedures was carefully compared with that of the established method. 
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ciency is the measurement of the air flow through the furnace. Since a precision 
within one percent is required, the AGA Laboratories have been measuring air 
flow by an electrical method. 

The method determines indirectly the rate of air flow passing through it by 
measurement of independently applied heat necessary to produce a constant tem- 
perature rise of the air stream. The heat is supplied electrically and is measured 
in terms of watts. For accuracy the air temperature cannot exceed the range of 
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normal ambient temperatures. Consequently, air flow must be measured as it 
passes through the instrument prior to entering the furnace inlet. Flow rates are 
limited to those below 1700 cfm. The design of a meter for employing the electri- 
cal method places certain restrictions on the method in which it may be used. 
While the electrical method is satisfactory for the purpose, constant supervision 
of the procedure is essential and a period of at least 20 min is required to deter- 
mine a single flow rate. 

An alternate means of determining the amount of heat (or thermal efficiency) 
delivered at the outlet of a furnace under service conditions is to measure air 
flow through the outlet connection. In order to do so, however, a flow measuring 
device capable of operating under a wide range of air flow rates and at tem- 
peratures of from 140 to 190 F, is required. 
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TABLE 1—ADVANTAGES AND DISADVANTAGES OF VARIOUS AIR METERING 
DEVICES 

MEASURING INSTRUMENT ADVANTAGES DISADVANTAGES 
1. Pitot tube Precision high. Convenient | Point measurement.  Tra- 


2. Anemometer; swinging 
vane or rotating vane 


3. Thermocouple or re- 
sistance anemometer 


4. Thin plate square edge 
orifice plate 


5. Air flow nozzles 


6. Electric air meter 


7. Venturi meter 


in measuring velocity atany 
point within the air stream. 


Easily operated. Convenient 
to measure velocity at a 
point within the air stream. 


Precision high when prop- 
erly calibrated. Excellent 
for very low velocities. 


(a) Inexpensive and easy 
to construct 

(b) Instantaneous accurate 
reading 

(c) Gives large pressure 
differential at low rates 
of flow 

(d) Minimum human ele- 
ment involved. 


Same advantages as for ori- 
fice plate. 


Precision within 1 percent. 


(a) Instantaneous accurate 
reading 


(b) Low overall pressure 


drop 
(c) Wide range of flow and 
- temperature for single 
meter. 


verse readings necessary. A 
velocity head of 0.005 to 
0.020 in. of water in the out- 
let duct would require a 
micromanometer to indicate 
differential pressure accur- 
ately. 


Point measurement. Limited 
precision from 5 to 15 per- 
cent. Must be calibrated 
repeatedly. 


Point measurement. Very 
small diameter wires re- 
quired making instrument 
too delicate for general use 
in furnace testing. 


(a) Requires 10 duct ~ 


eter upstream and 
duct diameter down- 
stream 


(b) Requires blower to over- 
come resistance of orifice 
plate. 


More difficult to construct 
than orifice plate and gives 
less pressure drop at equiva- 
lent flow through orifice of 
equivalent diameter. 


(a) Expensive 

(b) Limited to measurement 
of air at room tempera- 
tures 

(c) Large and bulky 

(d) Requires skillful manip- 
ulation 

(e) Limited flow capacity. 


(a) Expensive to construct 
(b) No interchangeable 
parts as in orifice meter 
(c) Less pressure differen- 
tial than orifice meter. 
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Air MEASUREMENT 


In order to assist in the preliminary evaluation of the precision and prac- 
ticability of various methods for measuring air flow, a literature survey was 
made. This indicated that an orifice plate or nozzle employed as an air flow 
measuring device appeared to offer possibilities. Among other metering devices 
or methods reviewed were Pitot tubes, anemometers of both swing vane and 
rotating vane types, thermocouple and resistance anemometers, thin plate orifices, 
nozzle type orifices and venturi meters. Devices which measure air velocity at 
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a point, requiring a number of velocity determinations over a given cross- 
sectional area of duct in order to determine the flow, were discarded since a 
number of readings must be taken and averaged. Devices of this type include 
the various anemometers and the Pitot tube. Advantages and disadvantages of 
the various types of air measuring instruments are shown in Table 1. 

Thin plate orifices, nozzles, Venturi meters, and the electrical method indicate 
air flow in a given duct section with approximately the same precision. Venturi 
meters, thin plate and nozzle orifice meters have, in general, comparable operat- 
ing characteristics. The construction of Venturi meters is not as simple as that of 
orifice meters and requires replacement of the entire meter section when the 
flow rate exceeds the meter capacity. Orifice meters, on the other hand, may 
be readily changed from one meter capacity to another by changing orifices. 
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Thin plate orifices are readily constructed from flat sheet steel, are relatively 
durable and may easily be replaced. The only machining operation required is 
to size the orifice and diameter accurately. Aside from these factors, no appre- 
ciable advantages are offered by thin plate orifices over nozzle orifices which 
require accurate machining of a curved surface. 
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CoMPARISON OF AIR MEASUREMENT METHODS 


In order to determine practical relations between operation of orifice meters 
and the electric air meter, tests were conducted with each of three sizes of orifice 
meters, including 3 and 6 in. diameter orifices enclosed in 12 in. diameter ducts 
and a 3 in. diameter orifice enclosed in a 6 in. diameter duct connected in series 
with the electric air meter. The orifice meter and the arrangement of test appa- 
ratus are shown in Figs. 1 and 2, respectively. 

Results of these tests are shown graphically in Figs. 3 and 4. In Fig. 3, rate 
of flow in cubic feet per minute as determined by the electric method had been 
plotted against the rate of flow found by the orifice meter. In Fig. 4, for each 
flow rate, rate of flow as determined by the electric method has been plotted 
against the observed pressure drop across the orifice under test. Fig. 4 also 
shows the theoretical curves for flow vs. pressure drop based on the equation: 


Q=k [ap 


where 


Q = flow, cubic feet per minute. 
AP = pressure drop across the orifice inches water column. 
k = constant secured from Flow Measurements, A.S.M.E., 1940. 


It is evident from examination of Figs. 3 and 4 that results of orifice and 
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TaBLe 2—CoMPARISON OF THERMAL EFFiciency Tests oN Gravity 
Warm Arr Gas FuRNACES 


APpPLi- Input at Ducr Ducr | THERMAL Five JACKET Heat 
ANCE MeErTER Posirion | Bru/ar Ovrier Loss | Errictency| Loss Loss | BaLance 
‘0 % % % % 
Electric 
Meter Inlet 70,400 68.8 5.2 74.0 20.6 4.9 99.5 
A Orifice . 
Meter Inlet 70,400 69.2 5.2 74.4 20.6 4.9 99.5 
Orifice 
Meter Outlet 67,000 67.4 5.6 73.0 21.2 4.9 99.1 
Electric 
Meter Inlet 118,200 65.0 6.2 71.2 26.5 1.0 98.9 
B Orifice 
Meter Inlet 118,200 64.6 6.2 70.8 26.5 1.0 98.3 
Orifice 
Meter Outlet | 118,400 64.9 6.0 70.9 26.8 1.2 98.9 


electrical determinations virtually coincide, indicating close agreement. In the 
case of Fig. 3, deviation from a straight line with slope equal to 45 deg would 
indicate appreciable differences in flow rate as determined by the two methods. 


FLUE AND JACKET Loss DETERMINATION 


Approaching the study with the purpose of eliminating the use of a flow 
metering device, it was decided to compare a flue and jacket loss test procedure 
with the established test method. Such a procedure could be employed by manu- 
facturers at their plants with a minimum of equipment and also by the AGA 
Laboratories for routine testing. With this procedure, the heat carried away 
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jacket is subtracted from total heat 
input to the appliance. 

The percentage of heat carried away by the flue gases was determined from 
charts showing fiue loss as the function of the temperature and CQ, content of 
flue gases. Charts employed when using natural or manufactured gases are 
shown in Figs. 5 and 6. Jacket temperatures were measured by means of a 
surface type thermocouple. 

The jacket losses of the appliances used during the study were calculated from 
formulas recorded in the literature for calculating heat transfer from surfaces 
commonly encountered in central heating appliances, together with convection 
and radiation coefficients. 

For a given jacket area, the Btu heat loss may be expressed as: 


where 

q = heat loss per hour, Btu. 

h. = coefficient of convection, Btu per (hour) (square foot) (Fahrenheit degree). 
hrs = coefficient of radiation for surfaces in question, Btu per (hour) (square 

foot) (Fahrenheit degree). 

A, = area of surface considered, square feet. 

t; = temperature of surface considered, Fahrenheit degrees. 

t, = temperature of surrounding air, Fahrenheit degrees. 


TasBLE 3—CoMPARISON OF THERMAL EFFICIENCY TESTS ON Forced 
Warm Arr Gas FuRNACES 


APPLi- Input at Ducr Ducr | Five JACKET Heat 
ANCE METER Posrrion | Bru/Hr Loss | Erricitency Loss Loss BaLaNcE 
% % % % % 
Electric 
Meter Inlet 95,800 74.1 2.0 76.1 22.8 1.6 100.5 
Cc Orifice 
Meter Inlet 95,800 73.6 2.0 75.6 22.8 1.6 100.0 
Orifice 
Meter Outlet 96,500 73.0 2.1 75.1 23.2 1.6 99.9 
Electric 
Meter Inlet 84,000 73.0 2.5 75.5 21.0 3.1 99.6 
D Orifice 
Meter Inlet 84,000 72.8 2.5 75.3 21.0 3.1 99.4 
Orifice 


Meter Outlet | 83,800 72.6 2.5 75.1 20.7 3.1 98.9 
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In the beginning an average temperature was established for the entire jacket 
of the unit undergoing test. This average temperature was then used in Equa- 
tion 1. An average value of h,, and h, was also employed to calculate jacket 
loss in that equation. However, since convection and radiation coefficients vary 
with temperature, a more precise evaluation of the jacket loss could be made by 
collecting the total surface areas whose temperatures were approximately the 
same and determining the h, and h,, for those surfaces. In this manner a num- 
ber of Q values would be obtained and their sum would be the total jacket heat 
loss of the unit. R 

The exact procedure employed is as follows: The jacket surfaces were sub- 
divided into 6 in. squares and the surface temperature of each square was meas- 
ured. The area of all squares with temperatures less than 100 F above room 
. temperature, in increments of 10 deg, was totaled. For example, if room tem- 
perature was 80 F, areas of squares whose temperatures were between 80-90 F, 
90-100 F, 100-110 F, and so on to 180 F were determined. The coefficients were 
then determined for each group of squares from Figs. 7 and 8. Q was established 
for each group from Equation 1. This procedure was followed with surfaces 
whose temperatures were more than 100 deg above room except that areas were 
collected at increments of 20 deg apart. Thus the total of all the Q values 
obtained was the jacket and duct loss of the unit. 

Since Fig. 8 is based on emissivity of 1.0, coefficients of radiation h, obtained 
therefrom must be multiplied by the emissivity of the surface under considera- 
tion to obtain the corrected coefficient of radiation h,,. While an average emis- 
sivity factor of 0.9 may be used for most jacket surfaces employed with central 
heating equipment, emissivities for various jacket surfaces may be ascertained 
from the literature when greater accuracy of results is desired.* 


CoNCLUSION 


For purposes of comparison, three test methods were employed for determining 
thermal efficiency of gravity furnaces selected during the study. These methods 
consisted of (1) the present method as outlined in the requirements for central 
heating gas appliances, wherein the furnace jacket was sealed and air measure- 
ment made at the furnace inlet by electrical method, (2) a similar method em- 
ploying an orifice meter for measuring air, and (3) a method using the flue 
loss and jacket loss of the furnace. Results are given in Table 2. Likewise, 
similar tests were conducted on forced warm air furnaces, with results shown 
in Table 3. 

From Tables 2 and 3 it may be noted that if the flue and jacket loss in each 
test method are added and then subtracted from 100 percent, the resulting ther- 
mal efficiency is very close to that obtained by either of the three methods 
employed to obtain thermal efficiency by evaluating the sensible heat transferred 
to the air throughout. 

Since the flue and jacket loss procedure gave results comparable in accuracy 
to other methods and had the advantage of materially reducing testing time, 
equipment and expense, the committee adopted it as a regular test procedure 
supplanting the old standard method. It is now in use at the AGA Laboratories 
for determining the thermal efficiency of all central heating warm air furnaces of 
other than floor furnace types. 


* Heat Transmission, by W. H. McAdams (McGraw-Hill Book Co., Second Edition, 1942). 
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No. 1433 


HEAT PUMP APPLICATION TO A 
NEWSPAPER PLANT 


By J. DonaLp KroEker*, JoHN H. BoNEBRAKE**, AND JAMES A. MELvINf, 
PoRTLAND, ORE. 


HE new Oregonian Building (Fig. 1) in Portlan: Ore., completed in June 

1948, was built specifically as a production plant for a modern newspaper 
with a daily circulation of 219,000 and a Sunday circulation of 276,000. It 
contains offices for editorial and business personnel associated with the produc- 
tion plant, and houses a radio station and studios connected with the publishing 
operation. The building extends five stories above, and two below ground level, 
and occupies completely a 200 X 200-ft city block. It is a solid block building 


designed specifically for newspaper production and consequently does not con- 
tain ventilating courts. It has a floor area of 220,000 sq ft and a volume of 
4,270,000 cu ft. It is of steel and reinforced concrete construction and is faced 
with sandstone, granite, and fixed, double-pane windows, the exterior panes of 
which are of heat-absorbing glass. 


Use DIVERSE 


The east half of the building is devoted largely to the industrial processes of 
producing the newspaper. It contains the presses, and extensive paper storage 
area on the lowest floor ; a loading dock on an open drive-through court (Fig. 2) 
on the first intermediate level; a mailing room the full width of the building, 
directly above the press room; stereotype, linotype and etching departments 
above the mailing room; and employees’ service areas above these mechanical 
departments. In all except the last mentioned space, no finish is provided on 
the concrete structure. 

In the west half of the building there are shops, mechanical rooms, and an 
auditorium in the two floors below the street level. The business office, home 


* Consulting Engineer. Member of A.S.H.V.E. 

** Office of J. Donald Kroeker. Member of A.S.H.V.E. 

t Chief Operating Engineer, Oregonian Building. 

Presented at the Semi-Annual Meeting of THe American Society oF HzaTING AND VENTILATING 
Encrneers, Portland, Ore., July, 1951. 
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makers’ quarters, auditorium, and the bookkeeping and classified advertising 
departments are located on the first two floors above the street. The third floor 
contains executive and editorial offices, news rooms, photographic laboratories, 
and a library. The fourth and fifth floors are occupied by the broadcasting 
studios (Fig. 3) offices, and broadcasting equipment and mechanical equipment 
rooms. Except for those below the street floor, these spaces are finished in a 


Fic. 1. Tue Oregonian BUILDING FROM THE PRESSROOM SIDE 


conventional manner including acoustical board on metal lath and _ plaster 
ceilings. 


Air CONDITIONING NECESSARY 


The design of the heating and air conditioning system was based on tem- 
peratures of 10 F for heating and 95 F dry bulb with 70 F wet bulb for cooling, 
the basis used in Portland, and discussed in a previous paper!. The average 
winter temperature of 49 F is significant in studying heat pump system design 
for maximum practical economy. 

While the Portland climate is relatively mild and air conditioning of office 
buildings is not general practice, it was necessary to use complete air condition- 


1 Exponent numerals refer to References. 
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Fic. 2. Docks 1n DRIvE- 
THROUGH PASSAGE ‘ 


ing in this building because ventilating courts had been eliminated to facilitate 
uninterrupted flow of material in the mechanical processes of publication. In 
addition, as the structure is designed for heavy loads, deep steel beams had to 
be used and these prevented adoption of an all-air heating and air conditioning 
system. 

Heating by air could be properly applied in the press, linotype, stereotype, and 
mailing rooms. In the west half, largely housing office areas, it was necessary 
to use a split system, consisting of ceiling panels for base heating and an air 
distributing system designed for air conditioning and control of space tempera- 
tures. A brief description of some of these systems may contribute toward a 
better understanding of the heat pump application. 


Fic. 3. Moprern BroApcAsTING STUDIOS ON FourTH FLOoR 
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SysTEM REQUIREMENTS VARIED 


Ten air conditioning units supply air at a rate of 204,000 cfm, 99,000 cfm of 
which is recirculated. Because of the diversity of conditions and the use of 
various spaces, 90 zones are provided for temperature control. All outside air 
and recirculated air is passed through electrostatic air filters. 

Each of 10 air conditioning units is separately controlled by a program clock, 
since a newspaper plant operates around the clock and the different departments 
have varying periods of occupancy and use. Eight of the units are of double- 
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plenum type with bottom location of cooling coil and cooling plenum and top 
location of heating coil. Individual zones are connected by separate ducts to 
each plenum. The temperature in individual zones is regulated by mixing 
dampers controlled by room thermostats. Thermostats in all rooms connected 
to one air conditioning unit are interlocked so that the room requiring the great- 
est amount of heating will control the warm plenum temperature, and the one 
needing the most cooling will control the cool plenum temperature. 


1—BuiILpING REQUIREMENTS IN MBH 


NATURE At 10F | At 49 F 
| 
Building loss or gain................. 3500 1250 


| 
| 
| 
9200 | 2500 
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TaBLE 2—HeEat BALANCE AT Two CONDITIONS IN MBH 


HEATING AT 10 F HEATING AT 49 F 
ITEM 

Heat Energy Heat Energy 

Obtained Required | Obtained Required 
Well Water Pre-Conditioning......... 3200 lll 
Recovery from Exhaust Air.......... 1200 53 700 70 
Less Cooling By-Product............ 255 310 
Net Energy Required............... 1549 120 


In general, humidity control was provided as a high limit only in that no 
attempt was made to humidify, except in the pressroom. Thus, one humidistat 
for each unit maintains a maximum of 55 percent relative humidity in the space 
served by that unit. In the main pressroom where it was desirable to maintain 
75 F dry bulb and 55 percent relative humidity, with little variation, full hu- 
midity control was necessary. 

It will be observed that the several heating and air conditioning systems are 
conventional in most respects. An exception is the use of coils to recover heat 
from exhaust air, practicable only with a low temperature medium, such as is 
available in the use of the heat pump. 

After the requirements and necessary heating and conditioning equipment 
were established as described, the heating and cooling loads were analyzed as 
shown in Table 1 (Fig. 4). 

The cooling demand of 6,000 Mbh was taken as 30 percent under the aggre- 
gate computed heat gain, because a considerable diversity in operation of units, 
although indeterminate, was expected, and because cooling loads are less than 
computed heat gains.% 


Heat Pump FEASIBILITY ESTABLISHED 


While early indications were that an application of a heat pump to the building 
systems appeared economically practicable, giving promise of providing the 
lowest available operating costs, the decision to use the heat pump was delayed 
until a complete analysis could be made. A summary of this analysis is shown 
in Table 2 and is based on well water availability and temperatures reasonably 
assured by previous experience with wells in the general area. The analysis 


TABLE 3—WELI. CHARACTERISTICS 


TOTAL PuMPINS DATA 
WELL Temp 
(Ft) Flow Head (F deg) 
(Gpm) (Ft) 
DP-1 235 600 145 54 
DP-2 204 600 142 55 
DP-3 930 500 263 58 
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indicated that the contemplated application could result in a heat pump load of 
4,000 Mbh for cooling and 4,800 Mbh for heating, providing that well water was 
used for the bulk of the pre-heating and pre-cooling of ventilation air, as well as 
for series flow through the evaporator and condenser during periods requiring 
cooling only. 

Elements of the heat pump system include drilled wells to provide the well 
water which serves as the heat source; deep well pumps: a sand-settling, or 
surge tank for well water; three so-called settling tank pumps to introduce well 
water into the piping system; two heating pumps; two well-water circulating 


Fic. 5. Mecuanicat Room with Heat Pumps at Lert, CIRCULATING 
Pumps BEeyonpD 


pumps; two cooling pumps; two refrigerant compressors with heat exchangers 
(Fig. 5); and various automatic sequence and temperature control devices 
(Fig. 6). 


Heat Source DEVELOPED 


Experience with wells in downtown Portland indicated that water, at about 
55 F, should be available in a relatively impervious formation at a depth of 200 
ft for use in condensers during cooling. It also indicated that warmer water 
should be available in a pervious formation at about 500 ft. It was considered 
that two 200-ft wells at 55 F, and one 500-ft well at 57 F, should be available, 
the latter for use as a heat sink during cooling. Since it was not possible to 
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determine drift between the 200-ft wells disposal to sewer was contemplated 
during use of the deeper well. Actual well conditions developed are shown in 
Table 3. Wells DP-1 and DP-2 were used to supply water during cooling (with 
disposal to DP-3). Well DP-3 was used for heating, the water being finally 
discharged to sewer although this incurred a city sewerage charge. 

All pumps used were standard centrifugal units with constant-speed electric 
motors. They were installed in vertical groups for simplified piping and space 
saving, with each group having one stand-by pump. The settling tank pumps, 


Fic. 6. THe SysteEM NERVE CENTER 
Is PANEL BoarpD OpposITE HEAT 
Pump 


mounted over the settling or well-water receiving tank, were equipped with 
automatic primers. 

Well water circulating pumps (a relatively minor investment) were provided 
to precondition ventilating air during both heating and cooling and thereby re- 
duce the load and required capacity of the heat pumps as shown in Table 2. 


OPERATION UNDER UNUSUAL CONDITIONS 


The refrigerant compressors (using Freon 11) are of the centrifugal true- 
volute type, with wound rotor motors on 12-step controllers, and suction dampers 
for operation below surge points. The ancillary heat exchangers are standard 
shell-and-tube, multi-pass units, designed especially for the application. Nominal 
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capacity of each assembly is 275 tons. They operate under two unusual con- 
ditions: 

1. These heat pumps are probably the first of this type that are provided with 
safe sequences to permit fully automatic operation. 

2. Since panel heating was a requisite, and the ceilings in which they were located 
are finished with acoustical board, a high panel water temperature, or a high condenser 
water leaving temperature, was required. Consequently, it was necessary to select 
refrigerant compressors and their heat exchangers for a leaving water temperature 
of 135 F, higher by 30 deg than such machines in prior normal applications. 


FLtow D1aGRAMsS TRACED 


Control equipment provides, in addition to automatic start, for automatic 
sequence selection by an outside thermostat and water temperature levels. It 


Fic. 7. Cycre 1, Flow Diacram, Heatinc Loap THE GREATER 


also provides for automatic reset of leaving condenser water temperatures by an 
outside thermostat. 

Operation of the heat pump and the systems served are shown in three flow 
diagrams. For convenience, they are designated as three cycles specifically : 

1. Cycle 1, Heating load the greater, Fig. 7. 

2. Cycle 2, Heating, with cooling the greater, Fig. 8. 

3. Cycle 3, Cooling above 75 F, Fig. 9. 

Actually, as such, there are no cycles. Changeover from one sequence of water 
flow to another is made automatically as certain control points are reached. This 
is determined by sequence and heat pump controls mentioned. These diagrams 
show the significant valves and controls only. Piping and equipment not in use 
during a cycle are shown unconnected or deleted to simplify study. 

Cycle 1: Well water is pumped from DP-3 at 58 F into the settling tank and 
from there a pump supplies it to the suction line of a cooling pump. This pump 
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Fic. 8. Cycre 2, Flow DiacraM, HEATING, WITH COOLING THE GREATER 


then supplies it to the evaporators, where a portion of it is discharged directly 
to the sewer through a pressure relief valve, S6. The remainder is conveyed 
to cooling coils of the air conditioning systems and is discharged to the sewer 
through pressure relief valve S1. During this cycle. the heating circuit is closed. 
In the cycle, water is conveyed by a heating pump to the condensers, where it 
picks up heat and flows to the heating coils and the heating panels, and finally 
back to the pump. 

A well water pump takes water from the settling tank during the cycle, con- 
veying it through the heat recovery coils in exhaust air streams, where it is 
heated to 62 or 63 F, then to the pre-conditioning coils and finally through 
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pressure relief valve S7 to the sewer. At 10 F outside temperature, the discharge 
to sewer is at 40 F. 

Flow data and progressive water temperatures in each circuit are shown in 
Fig. 7 for this cycle. When cooling exceeds heating, which occurs when the 
outside temperature rises to 52 F, valves are automatically repositioned and 
pumps automatically operated to provide Cycle 2. 


Cycle 2: Circuits in Fig. 8 apply during heating above 52 F outside tem- 
perature, when the cooling requirement exceeds the heating demands. Well 
water from DP-1 and DP-2 is supplied to the settling tanks. Pumps introduce 
54 or 55 F water to the suction of a heating pump, which conveys the well water 
to a condenser and open heating circuit. At this time, the panel heating system 
is off so that the water leaving the condenser flows to the heating coils and 
from these the excess water is discharged to the casing of DP-3 through relief 
valve S2. 

The cooling circuit is closed during this cycle. Water is circulated by a cool- 
ing pump through the evaporator and the cooling coils in a closed system. The 
well-water recovery and pre-conditioning system is not in operation, because 
the outside air temperature is too close to the water temperature to permit 
advantageous operation. When the outside temperature rises to 75 F, and no 
further heating or heating-up can be required, valves are automatically repo- 
sitioned and the pumps change to the operation shown to provide Cycle 3. 


Circuit Repuces Loap 


Cycle 3: The heat pump operated for cooling alone is shown in Fig. 9. DP-1 
and DP-2 pump the respective wells to the settling tank in this cycle, while 
the cooling pumps and the heating pumps are idle. The settling tank pumps send 
well water directly to the evaporators at 55 F, and from these the cooling coils 
of the several units are supplied. They discharge through the condensers to 
pick up rejected heat, and then through relief valve S5 to the casing of DP-3 
at 73 F at design conditions. 

A well water pump also provides 55 F water to precondition ventilation air, 
by-passing the recovery coils, which provide no advantage, and discharging 
through relief valve S7 to the casing of DP-3 at about 62 F. 

This cycle reduces the load on the heat pumps from the design value of 6,000 
Mbh to 4,000 Mbh. Only a part of the reduction is due to the well water pre- 
conditioning circuit. The major reduction is accomplished by use of return of 
water from the coils to the condenser, instead of to the evaporators, thus pro- 
viding a 6 deg lower temperature of water entering the evaporators. 

In all cycles, the start is automatic, and is at the command of the time clock 
on any of the 10 air conditioning units, with the result that the central equip- 
ment operates when any one of the conditioning units starts. Water tempera- 
tures are maintained automatically according to outside temperatures and are 
controlled by means of industrial controllers having thermostatic elements in 
the discharges of condensers and evaporators, shown as T., and T,, respectively, 
the latter maintaining a constant value of 42 F. 

T, controls the capacity of the unit or units in operation by increasing or 
decreasing the speed of the wound rotor motors, which drive the compressors, 
and also by operation of the suction dampers to the compressors. Ty, in the 
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condenser discharge, reset by an outside thermostat, controls the amount of well 
water introduced and determines the circuit into which well water is introduced. 


CoEFFICIENTS OF PERFORMANCE ANALYZED 


With the heat pump system arranged as indicated, coefficients of performance, 
COP, were computed during design, to determine thermodynamic characteristics 
and economical efficiencies of the heat pump system and its component parts 
compared with systems employing conventional heat sources, such as boilers or 
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district steam mains. Values in Table 2, extended, provided the basis for such 
analysis. 

The job coefficient was computed as the ratio of the total heat used in heating 
the building and in heating the air going into it as related to the total electrical 
energy used by the system in producing that heat. All units of heat and electricity 
are expressed in Mbh (thousands of Btu per hour). 

The three main sources of heat listed are the heat pump, well water for pre- 
conditioning, and exhaust air heat recovery. Power to auxiliaries included with 
power to the heat pump under energy required is power for a cooling pump, 
settling tank pumps, a heating pump, and half of the power for the deep well 
pump. The other half of the power for the deep well pump, and two-thirds of 
that for well water pumps, are-included under energy required for the well water 
pre-conditioning system. 

The other third of the energy required by the well water pre-conditioning 
system was charged to the recovery system, since approximately that portion 
of the energy was required to circulate the water through the recovery coils. 
In addition, half the energy required for the exhaust fans was charged to the 
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recovery system, as the coils increased static pressures on the fans by about 
that amount. 

Except as described for the recovery system, energy for the fans is not in- 
cluded under required energy, since they would have required about the same 
power input, regardless of the heat source. Power to heating and cooling pumps 
might also be properly exempted, but is included in the interest of conservatism, 
and to avoid additional complexities involved in considering partial loading. 
Consequently, the gross coefficient of performance was taken as the total heat- 
ing load divided by the total energy required, as described, and this term is 
comparable to the usual designation of heat pump with auxilianes. 

The net coefficient of performance was taken as the gross coefficient of per- 
formance with credit for the heating effect, the by-product of the cooling re- 
quired even at heating design temperatures. The deduction used to arrive at 
net energy required, Table 2, was the amount of energy required by the com- 
pressor for the cooling demand. The net coefficient of performance was the 
ratio of the heating load to the net energy required for the heating at the several 
outside temperatures studied, including 49 F, the average normal winter tem- 
perature. 

The coefficients of performance developed are shown in Fig. 10. The net 
coefficient of performance becomes asymptotic toward infinity at 52 F, inasmuch 
as heating above this temperature is all a by-product of cooling and is not 
chargeable to heating. 

It will be seen that the high net coefficient of performance for the system as 
designed (10.2 at 30 F to 20.8 at the average winter temperature of 49 F) and 
the condition that all heating would be a by-product at temperatures above 50 F, 
provided an obvious basis for the selection of the heat pump for this application. 

Superimposed on the coefficient of performance curves of Fig. 10 is a plot 
of degree days, computed from frequency of occurrence of average daily tem- 
peratures, indicating that the bulk of the heating in 1949 was available at 
relatively high coefficients of performance. This emphasizes further the sig- 
nificance of the study of average winter temperature data in determining annual 
costs for energy. Temperatures for a specific year were used here in preference 
to normal daily temperatures to illustrate a typical year. 


INNOVATIONS LISTED 


A brief summary of the non-conventional elements of a large heat pump 
which were applied to this installation includes the following: (a) No auxiliary 
means of heating is provided; (b) well water has been used directly to recover 
heat from exhaust air and to pre-condition ventilation air, both improving the 
job coefficient of performance; (c) a completely automatic installation has been 
provided to reduce the amount of operating personnel and to provide greatest 
economy ; and (d) centrifugal refrigerant compressors and heat exchangers have 
been adapted to provide heating water temperatures as high as 135 F. 


OPERATING EXPERIENCE 


The Oregonian heat pump was placed in operation in June 1948, and was 
operated manually as the building was occupied before automatic controls were 
complete. Automatic operation was inaugurated in September 1948, and con- 
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tinued until December 1948. At that time, due to a personnel problem, the sys- 
tem was again placed under manual operation, and functioned in that manner 
from January 1949 to May 1949. After the employment of a new chief engineer, 
however, the system was again placed on automatic control, and has operated 
automatically ever since. 


Conditions of operation were generally in close agreement with the values of 
flow and temperatures given in the flow diagrams (Figs. 7 to 9). There were 
some notable exceptions, however. The building was not completely occupied, 
a large television studio being still unoccupied, and this reduced substantially 
the actual load on the equipment. 


Capacities have been planned to provide for operation of a single heat pump 
machine down to 25 F outside temperature, the other serving as standby. A 
single machine has been able to satisfy the heating demands down to 10 F 
outside. 


During design, it was thought desirable to use 54 F water for cooling and 
58 F water for heating, with 55 F water added as necessary for either heating 
or cooling. In practice, it developed that the 55 F water is not required during 
the heating season, with the result that deep well DP-3 alone carries the heating 
load. 


Experience with other wells below the 200-ft level had indicated presence of 
a considerable subterranean drift, with the result that, when higher temperature 
water was delivered to the well, the well temperature on subsequent pumping 
remained constant at the original value. This was not the case with DP-3, the 
930-ft well. At the beginning of the heating season, after warm condenser water 
has been delivered to this well throughout the summer, water drawn from this 
well is at 77 F, and, in operation of some six months for heating, it drops only 
as low as 61 F. This reduces materially the amount of water required from the 
well. 

Another variation found in operation is that the system changes from Cycle 1 
to Cycle 2 at temperatures from 2 to 4 deg lower than anticipated. This results 
in a higher average coefficient of performance than expected, inasmuch as the 
average winter temperature approximates 49 F. 


It has also been found that operation of the heating panels is not required 
above 52 F, the air systems adequately maintaining temperatures at points above 
this value. In addition, the starting point of Cycle 3 has become 71 F instead 
of 75 F as planned. 

Despite the fact that development of wells resulted in sandfree water, exces- 
sive quantities of sand were settled out in the settling tank and this required 
considerable maintenance. The sand condition was due to the starting and 
stopping of the deep well pumps, which shocks the wells. It was overcome by 
installing a valve in the supply to the settling tank, to modulate the flow and 
keep the deep well pumps in operation until the required flow from them was 
approximately 10 percent of the normal capacity. This, too, is accomplished 
automatically. The modulation of the well water supply to the settling tank 
has resulted in the collection of less than one cubic yard of sand in nine months 
of operation. 

Another effect of the sand in the system was the scoring of pump shafts which 
were refinished by stainless steel spraying. 
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The use of well water in the system has resulted in some corrosion. Steel 
pipe was used, except in the panel piping, which was copper tubing, and in the 
coils, which also were copper and contained brass turbolators. 

The water in DP-1 and DP-2 contained about 60 ppm of carbon dioxide and 
was slightly acidic, with iron content substantially below values normally giving 
concern. The water of DP-3 contained no carbon dioxide and was slightly alka- 
line, but did, however, contain substantial amounts of chlorides. 

Since the system contains a number of circuits in which the flows are variable 
according to load conditions, it was not practicable to determine requirements 
for treatment, if any, at the outset. In view of the presence of an acidic water 
with a high carbon dioxide content, some corrosion was expected and treatment 
was contemplated, based on the types and amounts of corrosion which might 
be found in the system soon after it was put into operation. Due to problems 
with operating personnel, other activities took precedence over early analysis of 
corrosion conditions. By May 1949, corrosion which might have been arrested 
earlier became serious and strong dosages of chemicals became necessary. 
According to corrosion consultants employed, ferrous corrosion carried to the 
brass and copper in the system, setting the stage for corrosion in these portions 
also. The system is now being treated regularly with modest amounts of suitable 
chemicals. 

The Oregonian heat pump system was not provided with instruments for 
obtaining detailed records of operating results, such as obtained in the Equitable 
Building and reported previously. Consequently, it has not been possible to 
determine the actual coefficients of performance under the conditions of operation 
found in this installation. Nevertheless, it may be conservatively stated, on the 
basis of experience with the Equitable Building, and on the basis of the shifting 
of control points between cycles in the Oregonian heat pump system, that coeffi- 
cients of performance are substantially higher than those shown in Fig. 10. 


CONCLUSIONS FROM EXPERIENCE 


Numerous conclusions which apply to commercial heat pump installations 
were drawn from design and operating experience. The following might be 
useful to others in planning large heat pump installations: 


1. The economy in recovering heat from waste products, and the preconditioning of 
ventilation air with cold water, should be investigated. 


2. A commercial heat pump installation can be only as good as the automatic tem- 
perature and sequence control provided. Consideration of only industrial types of 
controls which can obtain greater accuracy and flexibility than usual air conditioning 
and heating controls is recommended for use in basic master control sequences. 

3. Abnormally detailed studies of loads and methods will pay dividends in economy 
of operation. 

4. Determination of economic feasibility requires a rather thorough study of applica- 
tion methods. Comparison of only power rates, arbitrarily chosen coefficients of per- 
formance, and costs of alternate energy available, will be misleading and inconclusive. 


5. Well water development should precede design, since, in many localities, informa- 
tion based on performance of wells in the vicinity may not apply fully. 

6. Sand traps in well water supplies, such as settling tanks, are justified, even for 
wells apparently entirely free of sand. 
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7. Water analyses should be carefully studied for possible chemical treatment re- 
quired to protect system metals. The employment of consultants is advised. Some 
advice of purveyors of proprietary compounds has been found to be misleading and 
flavored with prejudice. 


8. Shafts of pumps handling well water which show even traces of sand should be 
made of hardened metals, such as stainless steel, or of the molybdenum group of alloy 
steels. 

9. Generally, a heat pump installation having a capacity of more than 150 tons will 
require, even though it is fully automatic, at least the part-time attention of an 
operating engineer, who may also have other duties. Such a person should be person- 
ally selected or subject to approval by the designing engineer. 
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DISCUSSION 


Lester T. Avery, Cleveland, Ohio: In our part of the country return wells are 
required for all supply wells. In this paper I note that wells are at two different 
levels with two different temperatures, the one at the 900 ft depth being 58 F, and 
the one at the shallower depth being 54 F. I would like to ask whether consideration 
was given, or could be given, to returning the cold water at one level and the hot 
water at the other to see if some regain might be obtained. When returning warm 
water to the ground, we find a gradually increasing supply temperature, which indi- 
cates short circuiting. It is suspected that we are running out of cold well water 
in Ohio. 


Autuors’ CLosure (J. D. Kroeker): I’m glad this question came up. As suggested 
in the paper, wells should be developed before decision is made to use a heat pump 
system of a water-to-water type. 

In a heat pump application which we described in two previous papers, we were 
able to take the water from one level and dispose of it to another. Jf we were cooling, 
we took water from a cooling well, where there was a good drift, and disposed of it 
into the warmer wells where, unfortunately, there was not much drift, but where 
there was sufficient capacity to receive most of the water. In this installation 
we had to dispose of some overflow to the sewer for our heavier cooling loads. 

Placing warm water into a well having no drift provides a tremendous thermal 
advantage as the heating starts. 

In the case of the Oregonian Building, we encountered well trouble. The first two 
wells developed were relatively shallow (200 ft deep) and the flow was free. We 
then indicated that the third well should be drilled to a greater depth, to provide a 
separation that would permit wasting from one level to another. This well was 
drilled through solid rock for 500 ft and water was finally reached at 903 ft. In 
comparable situations in this area, other wells were drilled only to the 500 ft level 
to reach the lower water. 

We expected to obtain 750 gpm with a draw down to about 300 ft. We were able 
to obtain only 500 gpm. We then decided that it was necessary to make connections 
to the sewer because we could not discard that water into the upper level (from which 
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we had to pump for heating) in case we would have the cross circuiting that Mr. 
Avery has mentioned. 

An interesting condition eventually developed in that well. It is now pumping 750 
gpm although all we could get originally was 500. In place of a pumping level of 
300 ft, we now have a pumping level of about 200. Another interesting point is that 
the expected drift in this well did not materialize. The result is that when the so- 
called heating season starts in November, the water supplied by the well is in the 
neighborhood of 83 to 85 F, much less water is used, and less pumping is necessary. 

The warmer temperature in this well at the start of the season reduces to some 
extent the value of the pre-conditioning circuit for heat recovery and the amount of 
preconditioning with well water at outside temperatures of 40 to 45 F because recovery 
cannot be obtained when the water temperature is higher than, or very close to, the 
temperature of the air from which heat recovery is attempted. 

Each well must be treated as an individual case. Analysis of the particular 
application and use of well water will have to be made after the well is drilled. 

The procedure of including wells in the general contract and specifying performance 
is undesirable. Unfortunately, the architects with whom you work will insist upon 
specifications for a lump sum figure. 
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No. 1434 


TWO YEAR PERFORMANCE OF A HEAT PUMP 
SYSTEM FURNISHING YEAR-ROUND AIR CON- 
DITIONING IN MODERN OFFICE BUILDING 


By Sporn* anv E. R. AmBrose** 
New York, N. Y. 


225 HORSEPOWER heat pump system using outdoor air as the heat 

source and heat sink has been furnishing the year-round air conditioning 
in the new modern, six story office building of Appalachian Electric Power Co. 
at Roanoke, Va., for the past two years. Since this system possesses a number 
of unusual and attractive features, it’is believed that a brief description of the 
design and equipment selection, together with a discussion of performance in- 
cluding an analysis of the electric energy consumed during this period, will be 
informative and interesting. 


THE BuILDING AND EQUIPMENT LOCATION 


The building, enclosing a volume of 1.15 million cu ft excluding the garage, 
is 152 ft long by 96 ft wide by 60 ft high and provides 87,600 sq ft of floor area. 
The garage has 9150 sq ft of floor area and a volume of 92,000 cu ft. The out- 
door air coils are located in the penthouse above the sixth floor and the outdoor 
air fans are located directly above on the penthouse roof. The fans discharge the 
outdoor air vertically downward through the coils, then back to the outside. 
Basement storage tanks charged with warm or cold water, depending on the 
season, provide practical compressor selections having flexible and efficient 
operation. All of the other heat pump equipment is located in the penthouse 
above the sixth floor. Individual room control is obtained by 153 unit room air 


* President, American Gas and Electric Service Corp. 
** Air Conditioning Engineer, American Gas and Electric Service Corp. Member of A.S.H.V.E. 
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conditioners located throughout the building, and supplemented by a direct sys- 
tem for ventilation air. 

A more complete description of the building and of the heat pump system, 
along with some photographic views ot the installation was given in a previous 


paper.! 


CAPACITY REQUIREMENTS AND OPERATING CYCLE 


The calculated heating and cooling requirements are given in Table 1. The 
calculated heat loss is 1.41 million Btu per hr at an outdoor design temperature 
of 15 F, and the calculated heat gain is 2.079 million Btu per hr at an outdoor 
design temperature of 95 F dry bulb and 78 F wet bulb. 

The heat pump consists of three 75 hp, reciprocating, Freon 12 compressors 
each having its own heat dissipating and heat absorbing surfaces, and so ar- 


TaBLE 1—HEATING AND CooLING REQUIREMENTS 


| Heat GAIN Heat Loss 
Bru/Hr Bru/Hr 
Sensible: 
Conduction (Walls............... 4,000 
and {Windows 382,000 674,000 
Sun Effect (Floors and Roof...... 62,000 
Latent: 
Design Conditions 


Cooling: Indoor temperature 80 F and 50% RH 
Outdoor temperature 95 F and 78 F WB 


ranged to give three independent, indirect systems. The heating and cooling 
cycle of one of the three heat pump systems is given by Fig. 1. The circuits of 
the other two systems are identical, except for the auditorium coil which is in 
system No. 1 only. This coil furnishes cooling to the auditorium when the main 
system is on the heating cycle, and provides heating when the main system is 
on the cooling cycle. 

During the heating cycle the path of the refrigerant is from the compressor, 
through the oil separator, 4-way valve, condenser-cooler, liquid subcooling coil, 
liquid receiver, expansion valves, outdoor coils, and then back through the 4-way 
valve to the compressor. The path of the water during this cycle is from the 
room conditioner units, conditioner coils, booster coils, and/or the storage tanks, 
through the 2-way valve, condenser—cooler, and the circulating pump back to 


1 Outdoor Air is the Heat Source for Office Building’s Heat Pump, by Philip Sporn and E. R. 
Ambrose (Heating, Piping & Air Conditioning, January 1950, p. 138). 
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the several surfaces. The liquid refrigerant sub-cooling coil, shown in Fig. 1. 
preheats the ventilation air. 

During the cooling or defrosting cycle the refrigerant leaving the compressor 
flows in turn through the oil separator, 4-way valve, outdoor coils, liquid re- 
ceiver, expansion valves, and condenser-cooler, and then back through the 4-way 


TABLE 2—TyYPICAL PERFORMANCE DATA FOR ROANOKE HEAT Pump SystTEM 
WITH OuTpooR FANS OPERATING AT 565 RPM 


| HEATING CYCLE CooLinc CYCLE 
One Two Three One 
Compressor | Compressors | Compressors Compressor 
Conditioner coil 
60300 60300 60300 60300 
team, 73 74 88 69DB/67WB 
Outdoor coil 
Aw ciecuit, 71000 142000 213000 71000 
Entering temp, F............. 78.5 54 44 92 
tems, 50.0 46 37.5 104.3 
Condenser-cooler 
Water Circuit, . 250 500 750 250 
Entering temp, F............. 93 93 99 67 
Leaves temp, F.............. 99 98.5 104.3 61 
Electric demand of motors, KW 
Water circulating pumps.........| 4.8 7.8 11.0 4.8 
fam... | 25.8 25.8 25.8 25.8 
103.4 176.0 250.0 114.6 
Compressor head pressure, psig... . . 143 135 149 180 
Compressor suction pressure, psig...| 33 28 20 47 
Coil refrigerant effect, million Btu/hi 0.719 1.288 1.564 0.740 
Useful heat, million Btu/hr........ 0.896 1.631 2.068 — 
Coefficient of performance based on 
Electric Energy to compressor and 
outdoor fan motors............ 3.6 3.35 2.85 — 
Note 


1. 100 percent of electric energy to compressor motor considered as useful heat. 

2. Subcooling effect of the liquid refrigerant in the condenser-cooler and the fresh air coil con- 
sidered useful heat. 

3. This performance data can only be considered as approximately correct due to the difficulties 
of obtaining reliable air and water temperatures, and air flow measurements in the field. The 
results are believed to be sufficiently accurate, however, to indicate that the system is perform- 
ing in accordance with the design requirements. 


valve to the compressor to repeat the cycle. The path of the water during the 
cooling cycle is the same as that for the heating cycle. 

Garage heating is independent of the main system. It is accomplished by 
circulating water from the storage tank through ceiling units by means of a 
fourth pump. In addition, warm water from the garage system can be circulated 
through the embedded coils. in the concrete ramp to the. garage when snow 
melting and ice prevention are required. 

Fig. 2 gives the useful heating capacity of one of the three heat pump units 
at several outdoor air and suction refrigerant temperatures. The heating effect, 
due to subcooling the liquid refrigerant in the condenser-cooler and the ventila- 
tion air coil, is included. The outdoor air fans are operating at 395 rpm. It 
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A—Useful heating capacity 

B-—Outdoor coil refrigeration capacity including refrigerant liquid 
subcooling effect 

Fic. 2. Userut HEATING CAPACITY AND OUTDOOR 
Cor, REFRIGERATION CAPACITY OF ONE OF THE HEAT 
Pump UNITs aT Various OutTpoor AIR AND Swuc- 
TION REFRIGERANT TEMPERATURES. OuTDOOR FANS 

OPERATING AT 395 RPM TO DELIVER 49,000 cFM 


can be seen that the heating output of one of the heat pump units is 553,000 Btu 
per hr at 15 F dry bulb outdoor temperature. The three units, therefore should 
easily satisfy the building requirements at design conditions. In addition, the 
storage tanks filled with hot or cold water, depending on the cycle, will supple- 
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ment the compressor capacity. The storage tanks are charged at mild outdoor 
temperatures when the excess compressor capacity is available. 


FieLtp Test DaTa 


Tables 2 and 3 show a sample of the test data taken during the past two years 
to check the performance of the Roanoke system. The data given in Table 2 


TABLE 3—TypicAL PERFORMANCE DATA FOR ROANOKE HEAT Pump SysTEM 
WITH OutTpooR FAN OPERATING AT 395 RPM 


HEATING CYCLE COOLING CYCLE 
One Two 
Com- Com- One Two 
pressor pressors Compressor Compressors 
Conditioner coil 
60300 60300 60300 60300 
Leaving temp, F...........:. 68 75 67DB/65WB)| 66DB/64WB 
Outdoor coil 
Enterme temm, F...... 55 33 92DB/74WB| 91DB/73WB 
42.5 27.0 109.0 107.5 
Condenser cooler 
Water Cwcmit, 250 500 250 500 
Entering temp, F............. 92.0 93.0 60.0 59.0 
97.8 97.4 54.5 53.5 
Electric demand of motor, kw 
50.8 97.6 56.0 110.0 
Water circulating pump......... 4.8 7.8 4.8 7.8 
eee 25.8 25.8 25.8 25.8 
Compressor head pressure, psig. 140 135 157 155 
Compressor suction pressure, psig... 30 18 42 41 
Coil refrigerant effect, million Btu/hi 0.694 1.044 0.720 1.400 
Useful heat, million Btu/hr 0.867 1.376 
Coefficient of performance based on 
electric energy to compressor and 
outdoor fan motors............ 4.28 3.53 -- — 


Note: 

1. 100 percent of electric energy to compressor motor considered as useful heat. 

2. Subcooling effect of the liquid refrigerant in the condenser-cooler and the fresh air coil con- 
sidered useful heat. 

3. This performance data can only be considered as approximately correct due to the difficulties 
of obtaining reliable air and water temperatures, and air flow measurements in the field. The 
results are believed to be sufficiently accurate, however, to indicate that the system is per- 
forming in accordance with the design requirements. 


are based on the outdoor fans operating at 565 rpm, and Table 3 on the outdoor 
fans operating at 395 rpm. The fans operated at the higher speed when the 
system was first installed, but were changed to the lower speed in order to 
increase the coefficient of performance and at the same time, to reduce the fan 
noise transmitted to the adjacent building. Operating the outdoor fans at the 
lower speed raised the coefficient of performance from 16 to 22 percent and 
reduced the electric demand by 13 to 15 percent. The air and water tempera- . 
tures, electric demand of the various motors, compressor operating pressure, and 
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TABLE 4—DeEsi1GN INFORMATION ON THE EQUIPMENT SELECTED FOR THE ROAN- 
okKeE Heat Pump YEAR-RouND AIR CONDITIONING SYSTEM USING AIR AS 
Heat Source 


Liquip 
REFRIGERANT OvuTDOOR 
CONDITIONER SUBCOOLING SYSTEM 
SYSTEM (3 REQUIRED) (1 REQUIRED) 
Compressors | 
Condenser-cooler 
Nominal tube length x outside 
8 
Tube outside diameter, inches... . 34 
Effective area, sq ft 580 | 
Water flow per unit, gpm........ 250 
Water circulating pump 
5 
50 
Connected 
Fans 
60400 | 49000 
Static pressure, inches of water... . 2.0 0.7 
Coils 
Height x nominal tube length, ft. . “2 8 
an 
7.31 x 6 2.44x 7 8.94x 9 
102.45 17.0 80.45 
Total surface: Air side, sq ft..... 15800 437 12390 
Refrig side, sq ft. . . — 22 634 
Water side, sq ft... 807 — — 
‘ Tube outside diameter, inches. . . | 5% | 34 — 


fom. .... 590 235 610 


the capacity in Btu per hour, during the heating and cooling cycles at the 565 
rpm outdoor fan speed as well as the 395 rpm speed, are also given in Tables 2 
and 3. 

The effect of the outdoor fan speed on the overall performance of the system 
sometimes is not fully realized. Fig. 3 gives the useful heating effect and coeffi- 
cient of performance at various air flows over the outdoor coils for this par- 
ticular installation. The curves show that the air flow resulting in the highest 


Two YEAR PERFORMANCE OF A HEAT Pump SysTEM, ETC., BY SPORN, AMBROSE 491 


coefficient of performance for the compressor and outdoor coil combination is 
about 27,000 cfm. Unfortunately, use of this low air flow seldom results in the 
most practical installation as far as first cost is concerned. Quite frequently, 
as was necessary in this installation, some compromises must be made in the 
design which usually reduces the coefficient of performance below the maximum 
obtainable. 


DesicN INFORMATION AND EQUIPMENT SELECTION 


Some information on design and equipment selected for the heat pump system 
is given in Table 4. All equipment and the procedures for its selection are the 


TABLE 5—DEsIGN INFORMATION ON THE ROANOKE HEAT Pump WATER HEATER 


Compressor 
Condenser 
Cooling Surface 
Height x nominal tube length, ft.................... 2.44x3 
Total surface: 
Tube outside diameter, inches...................... 34 
Condenser circulating water pump 


same as those normally used on conventional air conditioning systems. One 
possible exception is the 4-way valve which was designed especially for heat 
pump systems. Since some of the equipment is used for both heating and cool- 
ing, the equipment must be checked to make certain that the design requirements 
are fulfilled during both cycles. This applies particularly to the conditioner coil 
which must be sized to have a definite sensible and latent head capacity during 
the cooling cycle, and at the same time provide the required sensible heating 
during the other cycle. The selection given in Table 4 illustrates the types and 
kind of equipment which have been fou~ satisfactory for this type of application. 


Domestic Hot WATER 


In addition to the heat pump for year-round comfort air conditioning, a small 
heat pump supplies the domestic hot water requirements for the entire building. 
The air exhausted from the building is used as the heat source. This heat pump 
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was designed to heat 50 gal of water per hr from 50-120 F. The heated water 
is stored in a 300 gal insulated tank. Exhaust air from the building goes over 
the compressor and through the cooling coil to the exhaust fan, where it is 
discharged to the outdoors. The heat removed from the exhaust air by the 
cooling coil is raised to a higher temperature and transferred, together with the 
heat equivalent of the work of compression, to the water by means of a refriger- 
ant-water heat exchanger. 

Table 5 gives some useful design information and equipment selection for 
the heat pump water heater. A 3 hp, direct-connected, hermetically-sealed Freon 
12 compressor-motor is used. It has been operating satisfactorily since its instal- 
lation two years ago. 


GENERAL PERFORMANCE 


The 153 conditioner units and the forced air distribution system which con- 
ditions the internal area and supplies all of the ventilation air requirements 
maintain comfortable conditions throughout the building during both the heat- 
ing and cooling cycle. On bright sunny days during moderate weather, however, 
when little heating or cooling is needed, the temperature in the external offices 
facing west are sometimes several degrees higher than the rest of the building. 
Although this happens rather infrequently and is not highly objectionable, pro- 
visions have been made to modify the electrical controls and piping to zone the 
conditioner unit on this side of the building. 

During one extremely cold and windy period, the water in one of the end 
turns of the conditioner coil froze, causing a leak. This was probably caused by 
the ventilation air which passed over the coil before being mixed thoroughly 
with the recirculated air. Several subsequent cold spells have occurred since 
then without a recurrence of this trouble. 

The heat pump equipment has required relatively little maintenance and serv- 
ice during the two-year period. Two of the compressor shaft seals had to be 
replaced shortly after putting the system in operation. This trouble was probably 
due to foreign matter gaining access to the system during the installation. The 
4-way valves were erratic in performance and gasket refrigerant leaks developed 
during the first few months of operation. These difficulties, soon eliminated, are 
understandable when it is realized that the 4-way valve used on this installation 
is the first of this size ever made by the manufacturer. The discs of the valves 
were found to be defective when they were opened recently after almost two years 
of operation. The manufacturer has since redesigned these discs and it is felt that 
no further valve trouble will be experienced. The only other operating difficul- 
ties were several small refrigerant leaks which were found on four occasions 
during routine inspection. The outdoor defrost cycle has operated quite satis- 
factorily from the beginning and no service or maintenance was necessary as a 
result of frost accumulation. 


ELECTRICAL CONSUMPTION 


The monthly electrical consumption of the lights and of the heat pump during 
the heating and cooling cycle are given in Table 6. The monthly degree days 
and a calculated heat factor are also included in Table 6. 

Attempts have been made to find a constant which could be used to check 
the periodic operating cost of any particular system, and, at the same time, would 
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TABLE 6—MontTHLy KiLowatt Hours For LIGHTING AND Heat Pump DurinG 
HEATING AND COOLING CYCLE 


KiLowatTt Hours 
DEGREE 
MONTH Lights Heating Cooling Days | Heat Factor 
1949 | 
65,200 28,200 15,000 343 «(0.472 
May....... 82,800 1,250 49,950 82 | 0.088 
64,000 54,400 1 | 
July...... 67,200 — 80,000 — | — 
72,000 3,900 55,300 | 101 0.222 
ee 72,800 12,000 44,000 | 149 0.463 
Nov...... 75,200 39,600 6,800 | 536 0.425 
80,800 73,800 1,400 767 0.553 
Total... 651,200 158,750 392,850 1,985 0.371 (Average) 
1950 
jan een re 72,800 56,800 4,000 | 534 0.611 
eb 80,000 65,200 | 686 0.546 
March 64,000 73,400 2,600 | 687 0.614 
| 71,200 33,800 16,600 | 346 0.562 
ee 67,200 6,200 37,000 | 55 0.648 
June 76,000 200 68,600 10 0.115 
meee.:.... 67,700 1,900 63,700 88 0.124 
66,000 6,100 25,900 167. «0.210 
71,200 38,600 11,000 628 | 0.354 
ees 79,200 111,700 300 911 | 0.704 
Total...| 841,700 393,900 369,300 4,112 | 0.449 (Average) 
1951 | 
oe 68,000 87,700 300 817 0.617 
ER 76,000 98,000 6,000 703 0.801 
March 75,600 70,300 2,500 630 | 0.641 
Total... 219,600 256,000 8,800 2,150 | 0.686 (Average) 
Two Year 
Total...} 1,712,500 808,650 770,950 8,247 | 0.462 (Average) 
Note: 


1. Speed of outdoor fans reduced during February 1950 
2. Heat Factor=kwhr during the heating cycle/[(kw equivalent of calculated heat loss per degree 
day) (actual degree days)] 


serve as a basis for comparing the operating cost of different heating systems 
in different geographic areas. One such factor used extensively for this purpose 
is based on degree days and space volume. The heat factor in Table 6 is based 
on degree days and the calculated heat loss of the structure. It is equal to the 
kilowatt hours during the heating cycle, divided by the kilowatt equivalent of 
the heat loss per degree day and by the actual degree days. 

Domestic water consumption and kilowatt hours consumed by the heat pump 
water heater were recorded for an eighteen month period, but not included in 
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Table 6. The average daily water consumption was 278 gal, requiring an elec- 
trical energy consumption of 38.2 kwhr. Tests showed, however, that the daily 
tank and pipe loss of the domestic hot water system is 24 kwhr. Consequently, 
the energy consumption for the useful heat to the water is 14.2 kwhr. 


CoNCLUSIONS 


1. A study of the equipment selection, given as Table 4, not only shows that the 
same design procedure is used for both the heat pump and conventional air condition- 
ing system, but also that the same equipment except for possibly the 4-way valve, is 
applicable. The 4-way valve used on this installation and other similar valves are now 
becoming more readily available. lt also might be noted that two 3-way valves may 
be substituted for the 4-way valve in most of the cycles. This is sometimes done on 
the smaller installations to reduce the possibility of heat transfer between the high 
temperature discharge gas and the low temperature suction gas. In the case of the 
four inch 4-way valves, used on this installation, this heat transfer was found to be 
practically negligible. 


2. Some precaution must be exercised in a heat pump design in order to obtain the 
most efficient operation within practical limitations. The auxiliaries are the chief 
offenders in lowering the coefficient of performance. As illustrated by Fig. 3, the 
outdoor fan alone can easily reduce the coefficient of performance by as much as 16 to 
22 percent. Other equipment, such as the circulating pump and conditioner fan, can 
have an equally adverse effect if not carefully selected. 


3. Three separate and distinct systems were purposely used instead of one large 
system in order to provide more flexible and dependable operation under variable 
loads. Using three smaller systems instead of one large system also provides means 
of maintaining a minimum electrical demand. A majority of the commercial electrical 
rates are based on the maximum demand which occurs during the billing period. An 
electrical load having a high demand and a low consumption does not favor a low 
electrical energy cost. By having a multiple number of units, it is possible to decrease 
the demand by operating fewer units for longer periods. A further advantage of mul- 
tiple units with a storage system is that possible benefits from off-peak rates may be 
realized. Loads may be arranged over a 24-hr period in such a manner, with a storage 
system, that the total maximum demand for all requirements is materially reduced. 


4. In general, the heat pump system required relatively little maintenance and service 
after the first few months of operation. During this initial period, some difficulties 
were experienced with the 4-way valves, with the compressor shaft seals, and with a 
few refrigerant leaks. These troubles were soon eliminated, and, with the improved 
4-way valve discs, now available, it is believed that the system will continue to per- 
form in a creditable manner. 


5. The actual energy consumption during the heating cycle, indicates that the 
operating cost of a heat pump system, using air as a heat source, is competitive with 
other fuels in the Roanoke area. The heat factor was computed in Table 6 in order 
to try to find a constant which can he used to evaluate the heating performance. There 
is a noticeable difference in the factors for the mild months and for those having severe 
outdoor temperatures. Part of this difference is undoubtedly due to the wind and 
sun effect as well as to the heat from the lights which were not considered in the 
heat factor as computed. Care must be exercised in the use of such a factor until all 
the influencing items can be properly introduced. It is hoped that with additional data 
on this and other installations, an acceptable and reliable heat factor can be developed. 


6. It is to be noted that the compressor head pressure will be lower with a cor- 
responding reduction in kilowatt hours when water sprays are used on the outdoor 
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coils during the cooling cycle. Sprays have been used on several such installations 
but were not believed to be practicable for this system. The installation was so made 
that the equipment would not have to be relocated or the design changed when future 
plans for three additional floors materialize. This would have been more difficult to 
accomplish if evaporative cooling had been incorporated in the design. 


7. The heat pump water heater for domestic water is a very practical application 
which has proven to be very satisfactory during the past two years. It provides maxi- 
mum efficiency by removing heat from the air being discharged from the building and 
which otherwise would be wasted. This same type of system has a number of possible 
applications. The heat removed from the exhaust air can be used to heat the service 
water, as in the case of Roanoke, or used to heat the ventilation air for the building, 
as in the case of a hospital where 100 percent outdoor air was required for ventila- 
tion. Application of such a design to the latter system improves the efficiency con- 
siderably at the lower outdoor temperatures. 


8. The heat pump possesses many unique and desirable features which are adaptable 
to practically any type and design of year-round air conditioning system. The heat 
pump can provide instantaneous, automatic and simultaneous heating and cooling with 
the same equipment. A chimney is not required for the unit because no flame of 
any kind is used and, consequently, there are no products of combustion, soot, dirt 
or odors. The system requires only an electric utility service and can be located in 
the basement, on the roof, in the attic, in a utility room, or almost any other place 
in a structure. 


9. It seems reasonable to expect that the number of heat pump installations will 
increase materially as engineers, architects, and contractors become more familiar 
with their many desirable features and with the various possible operating cycles. 
It is hoped that the information given in this paper will serve a useful purpose by 
indicating the possibilities and potentialities of the heat pump in the air conditioning 
field and by stimulating and encouraging a greater interest and activity in this type 
of system. 


DISCUSSION 


R. C. CHewninc, Portland, Ore.: What sizes of storage tanks are used? Is it 
practicable to use tanks of the size required? 


J. D. Kroexer, Portland, Ore.: In using the air heat pump in which the refrigera- 
tion flow is reversed, I am wondering what consideration has been given to the fact 
that cooling and heating are required simultaneously in any building of some depth. 

' For example, we have found in water-to-water heat pumps that the load between 
cooling and heating is roughly balanced by temperatures in one building during out- 
side temperatures of 45 F to 55 F, when no well water is used, and the heat absorbed 
in the interior of the building is used for heating at the exterior of the building. Has 
consideration been given to this fact and can it be incorporated in a system in which 
the flow of refrigeration is reversed, or whether it is necessary that the system be 
on all heating or on all cooling throughout the building? 


G. S. SmirH, Seattle, Washington: Has any trouble been caused by formation of 
frost on the evaporator? 


F. R. ELtensercer, Bloomfield, N. J. (Written): The authors of this paper are 
to be commended for showing that a large building heat pump system can be prac- 
ticable, dependable and economical when properly engineered and installed. Their 
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company has done a great deal of development work in this field, and other organiza- 
tions would do well to emulate its vision and foresight. 


Of particular interest is the heat factor air-conditioner proposed in this paper as 
a constant for comparing operating cost of systems in different geographical areas. 
A brief analysis will show that this factor is not actually a constant but varies with 
the design temperature and as the temperature of the heat source varies—in addition 
to being affected by variations in wind, sun and lights, as was pointed out in conclu- 
sion No. 5. It can be shown that the heat factor proposed is actually equivalent to 
2.08/P.F. for a design temperature of 15 F, where P. F. is the performance factor, 
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or coefficient of performance integrated over a particular period. 
The discusser recently proposed* a similar heat factor expressed in the form: 


____ Heating KWH 
(Degree-days) (Btu) 
1000 


H.F. = s 


This form has the advantage of being independent of the heating design temperature 
and is numerically equal to 7.03/P.F. If the variation of coefficient of performance 
is essentially linear with outdoor air temperature, as it generally is for an air-source 
heat pump, then the P. F. can be predicted by taking it as equal to the coefficient 
of performance at the average outdoor temperature that exists during the time heating 
is required in any locality. This temperature can be found from weather records and 
the relationship: 


Degree-days 
No. of days with mean temp. less than 65 F 


Equiv. heating temp = 65 — ( 


As shown on Fig. A from the referenced article*, a surprisingly good correlation 
has been found to exist in most areas of the U. S. between this temperature and the 


* Year-Round Air Conditioning with the Heat Pump—G. E. Review, Dec. 1950. 
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normal degree-days. Most localities, except those noted as separate points, fall very 
close to the line. 

The heat factor mentioned has been used to check a number of instrumented field 
test installations of packaged heat pumps in diverse geographical locations, and, based 
upon measured power consumption and measured heat output, has been found to show 
very good correlation with that predicted by the above method. 

It is hoped that the industry will give further study to the use of a heat factor 
similar to that in the present paper or that described above, in an effort to provide 
a more useful tool for estimating and comparing operating costs of heat pump installa- 
tions that would perhaps be more convenient to use than coefficients of performance 
and performance factors. 

It is apparent that the calculated heat loss for the described installation was con- 
siderably in excess of the actual heat loss, since the average heat factor of 0.686 is 
equivalent to a performance factor of 4.5, whereas the coefficient of performance for 
one compressor operation at 55 F was found to be 4.28, and for compressor operation 
at 33 F, 3.53. The discusser would be interested in the authors’ comments as to the 
desirability of omitting the power input to circulating pumps and conditioner fans 
in arriving at the values given, rather than the corresponding figures of 2.82 and 2.73 
when they are taken into account. Also, what means were taken to insure that 
100 percent of the electric energy to compressor motors is recovered as useful heat? 


Autnors’ CLosure (E. R. Ambrose): I am very glad to have Mr. Ellenberger’s 
remarks on the importance of a heat factor in evaluating heat pump performance and 
I too sincerely hope that more effort will be made in this direction in the future. 
The close correlation of the heat factor obtained by Mr. Ellenberger on the experi- 
mental installations may be partly due to the fact that they were residences void of 
high internal heat gain. In commercial installations the lighting load and other inter- 
nal heat gain will materially affect the correlation. 

In comparing costs of heat pumps with the more conventional year-round air con- 
ditioning systems, it is more convenient to exclude the distribution system, since they 
are usually the same for both types of systems. In such comparisons the coefficient of 
performance given in Tables 2 and 3 are generally used. To obtain the total operating 
costs of the complete system, however, all energy consuming equipment should be 
included. 

No particular means were employed, so that all motor losses would be useful heat. 
The equipment is located in the penthouse and the heat dissipated is used to maintain 
comfortable temperature levels in this area. 

In regard to Mr. Chewning’s questions the two 5000 gal. water tanks are used for 
the storage of hot or cold water during mild weather for use when extreme tempera- 
tures are being experienced. There are four or five such installations on the American 
Gas and Electric System and we find that they have proved to be practical installa- 
tions. The one possible disadvantage is the space required by the tank. 

In answer to Professor Smith, no trouble has been experienced with defrosting of 
the outdoor coils. An automatic defrosting cycle is used as described in the reference 
article which is made a part of this paper. 

“The outdoor coils are defrosted automatically during the heating cycle. If the 
outdoor air-refrigerant suction temperature differential exceeds a predetermined value, 
indicating accumulation of frost on the coils, the position of the four-way valve is 
changed so that the high temperature, high pressure refrigerant gas from the com- 
pressor goes first to the outdoor coil where it is condensed, giving up its latent heat to 
defrost the coils. The path of the refrigerant during the defrosting cycle is the same 
as that for the cooling cycle. The circulating water can continue to furnish heat to 
the conditioned space during the cycle by using water from the storage tanks.” 

In reply to Mr. Kroeker, simultaneous heating and cooling of a building is readily 
adaptable to this heat pump cycle as it is to any other heat pump cycle. In fact, 
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one of the advantages of a heat pump system is the ease with which such requirements 
can be incorporated in the design. 

The auditorium coil is shown in the flow diagram in Fig. 1. This coil enables cool- 
ing to be supplied to the auditorium at the same time that heating is supplied to the 
remainder of the building. The auditorium is used quite frequently by large groups 
of people so that cooling is necessary many times during the winter months. 
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No. 1435 


CLIMATOLOGY AS AN AID IN 
HEAT PUMP DESIGN 


By Georce S. SM1ITH*, SEATTLE, WASH. 


HE INTRODUCTION of the heat pump in the field of space heating has 

created a demand for information not generally available. In using any 
one of the natural heat sources (air, surface or ground water, and the soil) a 
knowledge of some of the characteristics of the source used is of major impor- 
tance. A few studies of temperatures and other factors peculiar to the location 
of the study have been made and others are now in progress. 

Eventually the accumulation of information from various parts of the country 
will permit interpolation of design data sufficiently accurate for most design 
problems. Fortunately the U. S. Weather Bureau records, which are usually 
available, will be invaluable as a source of information for any locality under 
consideration, or to aid in interpolating the results of studies from other 
localities. 

This report contains a considerable quantity of soil temperatures and other 
data collected in the Pacific Northwest area, and will suggest methods by which 
Weather Bureau data may be used in heat pump design where the desired type 
of information is not available and would require much expense and time to 
obtain. 


EXPERIMENTAL APPARATUS USED 


Most of the data presented were obtained from three temperature stations. 
The major station, situated on a golf course at the University of Washington, 
comprises 13 resistance-type temperature measuring elements spaced from one 
centimeter to 15 meters below the surface of the soil. Air temperatures are also 
recorded by similar means from near the surface to a height of 150 ft above 
the ground. The temperatures are recorded by means of automatic recorders. 
Recently apparatus to record wind velocity and moisture content of the air, 
as well as heat flow into the svil, was added, making this the University Clima- 


* Professor of Electrical Engineering, University of Washington. 


Presented at the Semi-Annual Meeting of THe American Soctety or HeatinG AND VENTILATING 
Enecrneers, Portland, Ore., July 1951. 
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tology recording station under the supervision of the Climatology Department. 
Fig. 1 shows a view of the Climatology Station and Fig. 2 shows the recording 
equipment. Fig. 3 indicates the positions of the soil thermo elements and heat- 
flow units. 

Two other temperature stations use copper-constantan thermocouples spaced 
at depths of one, two, three, four, six and ten feet below the surface of the 
ground. In addition to the enamel and cotton covering, the thermocouple wires 
are protected by special rubber paint, and a coat of glyptol varnish. They ter- 
minate on an enclosed terminal block with metal terminal jacks. These jacks 


Fic. 2, View oF A PORTION OF THE 
RECORDING APPARATUS 


Fic. 1. UNiversity oF WASHINGTON 
CLIMATOLOGY RECORDING STATION 


have tapered holes to match tapered plugs from which the circuit is carried by 
copper and constantan wires to a second couple on the meter. A portable potenti- 
ometer is used to take the readings. The second couple at the meter is taped 
to the bulb of a mercury thermometer, and the two are carefully encased in a 
felt covering. The temperature of the couple on the meter is recorded for each 
thermocouple reading. Readings at these two thermocouple stations are taken 
weekly. 

Weather Bureau records from Seattle, Portland, Spokane, and Boise stations 
were relied on for much of the remaining information necessary. 


TEMPERATURE INFORMATION 


The temperatures recorded every 12 min at the Climatology Station (Station 
A) were averaged for each day. The average air temperatures and soil tem- 
peratures at several depths over a period of two years are shown plotted in 
Fig. 4. A similar plot of maximum and minimum air temperatures as well as 
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several sub-surface temperatures which were taken at one of the 10-ft depth 
stations is shown in Fig. 5. This station, designated as Station B, is situated 
about a quarter mile from Station A, and near the site where a series of tests 
on ground coils were run. Fig. 6 presents a third set of curves taken at Station 
C situated in the back yard of a typical town lot about two miles north of the 
University campus. 

There is a striking similarity in the temperatures at the various stations for 
a given depth. The temperatures at one centimeter depth follow the average 
air temperature rather closely. However, the continuously recorded tempera- 
tures at this depth often indicate a soil temperature several degrees higher than 
the air temperature a short distance above the surface. An unusually warm or 
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cold day will initiate a pronounced temperature wave, conducted rather slowly 
into the ground, which will appear later at a greater depth with a somewhat 
reduced maximum. At shallow depths such thermal waves might occur several 
times a day; at somewhat greater depths they will usually occur daily and at 
still greater depths less frequently up to the yearly variations. Fig. 7 presents 
an interesting method of plotting the temperatures recorded at Station A. The 
lag of the change in temperature at the various depths is clearly shown. There 
appears to be, in effect, lagging of at least a year even at the 50-ft level, as 
indicated by the rise of the 50 F temperature line nearly a year after an unusu- 
ally cool winter. Also the effect of the unusually wet summer of 1948 is indicated 
by the greater depth of temperature travel. 


Use oF TEMPERATURE RECORDS 


General Design Factors: Temperature records such as have been described 
are very useful in heat pump design, especially where ground grids are used as 
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heat sources or sinks. The average temperature at the start of the heating season 
can be found for any depth at which the grid might be placed, assuming that 
the soil has regained normal temperature conditions during the summer. If the 
soil has not attained normal temperature conditions the ground grid may not 
be adequate or it may be of such design that a new lower average soil tem- 
perature has been established. In colder climates there is an advantage to be 
gained by placing the tubes rather deep to gain the advantage of the tempera- 
ture lag with respect to the atmosphere above the surface. In rather warm 
climates, and especially where there is considerable sunshine during the heating 
season, a grid only a foot or two below the surface will gain the advantage of 
the sun’s radiated heat and yet avoid the disadvantage of short cold spells. 
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SYMBOLS 
A = area — square feet. 
a = thermal diffusivity = k/c e — square feet per hour. 
¢ = specific heat — Btu per (pound) (Fahrenheit degree). 
k = thermal conductivity — Btu per (hour) (square foot) (Fahrenheit degree 
per foot). 
Q = heat flow — Btu. 
P = time for one cycle of sinusoidal temperature change — hours. 
T. = maximum positive (or negative) value of the sinusoidal temperature 
change — Fahrenheit degrees. 
e = density of soil in pounds per cubic feet. 
t = time in hours. 
x = distance in feet. 


Soil Heat Absorption Due to Solar Radiation: The amount of heat available 
for a ground grid is probably limited to the heat absorbed by the soil from the 
sun’s radiation, plus that precipitated from the atmosphere and carried in by 
the rain. The solar heat thus supplied to the earth, per square foot of surface 
may be closely approximated by calculation. 

The temperature for the soil at one-centimeter depth, as indicated in Fig. 4, 
(which will be called the surface temperature) varies rather erratically, but over 
a year’s time it follows through a complete cycle resembling a sine wave with 
many harmonics. The fundamental sine wave of one complete cycle per year 
which would produce the same heating or cooling effects in the earth can be 
closely approximated by the following procedure: 

At some depth, usually 30 to 50 ft below the surface of the ground, the soil remains 
very nearly at a constant temperature equal to the average air temperature above the 
surface. This constant temperature will be called the base temperature. The difference 
between the base temperature and the surface temperature will cause heat migration. 
Over that portion of the year when the surface of the soil is warmer than the base 
temperature, the average difference in temperature causing heat flow is obtained by 
dividing the summation of the differences between each day’s average surface tem- 
perature and the base temperature by the number of days involved. The average ampli- 
tude of the positive or negative half of a sine wave is 0.636 of its maximum amplitude. 
Dividing the computed average difference in temperature by 0.636 will give the maxi- 
mum amplitude of the equivalent sine wave of temperature changes, which in this case 
will have a time period of one year. 

A solution of Fourier’s differential equation! for temperature variations of 
this type may be stated as follows: 


where 


To. is the maximum value of the equivalent sine wave derived as was explained 
and P is the period or duration of the total wave which would be twice the length 
of the half cycle during which the earth is absorbing heat. With the soil conductivity 
k and diffusivity a known, the heat absorbed due to the sun’s radiation per unit 
area can be readily calculated. 


If, however, the mean temperature of the earth, at least that portion above 
and below the grid for some distance, is lowered by the presence of a ground 


1 Exponent numerals refer to References. 


CLIMATOLOGY AS AN AID IN Heat Pump DesiGn, By G. S. SMITH 505 


TaBLE HEAT FROM SUN RADIATION 


B. 
Tora. AVERAGE 
Year | Start anp Temp DirreReNce Dec Days | Pertop | DirrerEnce To Q/A 
Finisu DirFERENCE Days Decrees | AvG/0.636 | Bru/Se Fr 
Dates 
42 F 
Feb 11 Surface and Base 4756 306 15.5 24.4 9550 
Dec 14 | 71% (Max Air and Base) 4610 306 15.0 23.6 9250 
44F 
Mar 1 Surface and Base 4187 272 15.4 24.2 8950 
Nov 28 | 71% (Max Air and Base) 4070 272 14.9 23.5 8690 
46F 
Mar 15 Surface and Base 3604 247 14.5 23.9 8420 
Nov 17 | 71% (Max Air and Base) 3520 247 14.2 22.4 7900 
1949 | 48 F 
Mar 28 Surface and Base 3091 225 13.7 21.6 7260 
Nov 8 71% (Max Air and Base) 3070 225 13.6 21.4 7200 
50 F 
Apr 11 Surface and Base 2644 201 13.1 20.7 6660 
Oct 29 | 71% (Max Air and Base) 2560 201 12.7 20.0 6440 
52 F 
Apr 23 Surface and Base 2258 181 12.4 19.6 5910 
| Oct 21 | 71% (Max Air and Base) 2230 181 12.3 19.4 5860 
| 42F 
| Feb 11 Surface and Base 4130 306 13.5 21.2 9920 
Dec 14 | 71% (Max Air and Base) 4100 306 13.4 21.1 9870 
44F 
Mar 1 Surface and Base 3553 272 13.1 20.6 9080 
Nov 28 | 71% (Max Air and Base) 3550 272 13.0 20.5 9030 
46 F 
Mar 15 Surface and Base 3054 247 12.3 19.4 8140 
Nov7 71% (Max Air and Base) 3100 247 12.5 19.6 8220 
1950 | 48 F 
Mar 28 Surface and Base 2656 225 11.8 18.5 7400 
Nov 8 71% (Max Air and Base) 2720 225 12.1 19.0 7600 
50 F 
Apr 11 Surface and Base 2310 201 11.4 18.0 6820 
Oct 29 | 71% (Max Air and Base) 2340 201 11.6 18.3 6920 
52 F 
Apr 23 Surface and Base 1904 181 10.5 16.5 5900 
Oct 21. | 71% (Max Air and Base) 1990 181 11.0 17.3 6190 
Soil constants used for 


Moisture = 10%. ee diffusivity 2 = 0.018, thermal conductivity « = 0.544, soil dry density = 93 Ibs per cu ft 
Soil constants used for 1950: 
Moisture = 15%, a = 0.0175, « = 0.65, soil dry density = 93 lbs per cu ft 


grid, then the earth will more readily absorb radiation from the sun and will 
do so over a longer period of time. In order that the maximum ordinate as well 
as the period of the new equivalent sine wave value may be determined, the 
following procedure may be used. 


Fig. 8 shows a plot of the average air temperatures for each month from the Seattle 
Weather Bureau’s 1900 to 1950 records. Using 52 F, which is Seattle’s average yearly 
temperature, as the zero for the resulting sine wave, the heating and cooling period 
are almost exactly six months each. If, because of a ground grid the average ground 
temperature was lowered, say, to 50 F, then the heating portion would have a longer 
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period, from April 13 to October 28. The maximum value of the equivalent sine wave 
for the heating portion of the cycle would be found as previously specified using 
50 instead of 52 F as the mean yearly average and between the dates indicated. The 
total period or duration of the cycle would of course be twice the value found for the 
positive half and thus more than one year in length since the presence of the ground 
grid has altered the normal cycle. Several other base temperatures are also indicated 
on the diagram. 


The soil-surface temperatures are not normally available and determining 
them would require time and expense. There should, however, be some fairly 
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definite relation between the maximum daily air temperatures, and the average 
daily surface soil temperature for that particular day. This substitution will of 
course give only an approximation of the true value, but will in general give 
results accurate enough for heat pump design purposes. Such information is 
readily available at any Weather Bureau station. 

When temperature differences were calculated by using both maximum air 
and average surface values against the base temperature, the average ratio of 
the differences was found to be 0.71 to 1. Thus when using maximum air tem- 
peratures, the differences must be multiplied by 0.71. 

Table 1 shows the actual calculated heat absorption from recorded surface 
temperatures as well as those estimated using the maximum daily temperatures 
with the proper multiplying factors. Fig. 9 shows a plot of these data. 

Soil Heat Absorption Due to Rainfall: In many localities, especially in the 
Pacific Northwest the rainfall probably carries a considerable amount of heat 


ES 
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into the soil and the ground moisture due to rain will greatly increase the soil’s 
capacity to maintain this heat energy in storage. Any accurate method for 
determining the amount of heat energy derived from this source would require 
a great deal of study and time. Table 2 presents a method of approximating 
rainfall heat additions by using the Seattle Weather Bureau’s 50-year averages 
of rainfall for each month together with the average temperature for the cor- 
responding month. 

The amount of heat added by rainfall can be readily computed by using as 
data the weight of rainwater falling on each square foot, and the difference 
between the average air temperatures and the assumed average or base ground 
temperature. This method assumes that the temperature of the rainwater is 
at the average air temperature. Such an assumption is probably quite in error 


TaBLE 2—CALCULATED RAINFALL HEAT ABSORBED BY SOIL 


AVERAGE Btu ADDED PER SQUARE Foot 
MONTH RAINFALL | LB WATER AIR BASED ON AVERAGE SOIL TEMP OF 
INCHES PER Sq FT TEMP 

40 F 44 F 46 F 48 F 50 F 
Jan. 4.94 25.7 40.8 20 
Feb. 3.89 20.2 42.8 56 
Mar. 3.05 15.8 46.4 100 38 6 
Apr. 2.38 12.4 51.1 140 88 63 38 14 
re 1.87 9.7 56.6 160 122 103 83 65 
| eee 1.33 6.9 61.4 150 120 106 93 79 
July. 0.63 3.3 65.5 84 71 64 51 
er 0.70 3.6 65.5 92 74 70 63 56 
Sept Pe g 4 9.2 60.3 187 150 131 113 95 
Oct . 2.84 14.8 53.7 200 148 114 55 
Nov 5.03 26.2 46.8 178 73 21 
Dec 5.60 29.1 42.6 75 
TOTALS..| 34 1442 884 678 532 415 


during the winter months because a rainy spell will raise the air temperature 
considerably above the average for the month, while a cold dry spell will gen- 
erally lower it. Fortunately such an error will result in more heat addition than 
the calculations indicate. The computed heat values in Table 2 are plotted in 
Fig. 9. 

Validity and Use of Calculated Results: The total calculated heat added per 
year per square-foot area of soil for any assumed average ground temperature 
will then be the sum due to the sun’s radiation plus that added by the rainfall. 

As crude as this method of calculating the yearly heat available in the soil 
for heat pump use may appear, it does offer some guidance until experience may 
prove the method too pessimistic. In fact, under the conditions assumed, the soil 
beneath each square foot of surface will hold little more heat than is indicated 
by the curves in Fig. 9. 

As an example, assume that a ground grid causes the average of the soil tem- 
peratures from the surface to a depth well beyond which the grid will draw 
heat, to drop to 48 F. From Fig. 9 the solar radiation would have supplied ap- 
proximately 7450 Btu, and rainfall would have added 530, or a total of 7970 Btu 


= 


508 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


per sq ft of soil area. From Figs. 4, 5 or 6, the average soil temperature over 
the same range of depth would be about 55 F at the start of the heating season, 
about October 1. This would result in a 7-deg average temperature differential 
to promote heat movement. Assuming soil constants found at the location of 
these tests, we would have the dry soil density as 93 Ib per cu ft, and a moisture 
content at this time of about 15 percent. If the specific heat of the dry soil is 
0.2 and for the water contained is unity, then the heat in one cubic foot of dry 
soil is 93 X 7 X 0.2= 130.2 Btu while that in the moisture content will be 


TaBLE 3—PERCENT OF HEAT PuMP OPERATING TIME SEATTLE, WASH. 


PERCENT Hours PERCENT OF TIME OPERATING 
MONTH DEGREE oF TIME OF - 
Days OPERATING® | OPERATION House House House House 
A Cc D 
763 70 520 29 61 93 
eb 635 65 437 31 54 50 69 
March..... 590 54 400 22 35 33 61 
Apr 434 41 295 19 22 31 38 
Peers 289 26 193 10 9 9 30 
June 157 15 108 3 7 4 14 
July....... 65 6 45 0.6 3 I 3 
ug 68 6 45 1 3 1 28 
Sept 169 16 115 3 5 8 30 
Oct 365 33 245 ll 27 
ee 556 51 367 22 40 43 42 
_ eee 704 65 445 27 39 61 81 
TOTALS... 4793 3215 


DETAILED INFORMATION ON Houses 


Gross HEATED HEAT 
House Cu Ft Unit SOURCE 
A 10904 3 hp Well 
B 39000 2-5 hp | G. Grid 
Cc 13000 3 hp Lake 
D 33500 5 hp Spring 
| 


a Based on average coldest January day for 10 years taken every other year. 
Degree-Day Average coldest Day=35 


93 X 0.15 X 7 = 97.6 or a total of 227.8 Btu. Dividing the total absorbed heat 
per square foot of surface by the heat contained per cubic foot will give a 
required column of soil 35 ft below the surface. At this depth the normal soil 
temperature changes but little throughout the year, indicating that the normal 
heat travel below this depth is negligible. 

The total annual heat available from an area below which a ground grid is 
operating is probably somewhat greater than that indicated by Fig. 9. Since 
the ground grids are placed comparatively near the surface, the temperatures 
within a considerable distance from the grid will, in general, be far below the 
average soil temperatures especially after the major heating season. As a result 
of this abnormally low temperature the portion of the ground near the grid 
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will accelerate the heat flow from all directions and thus from the atmosphere 
above when warmer than the soil. Thus heat in excess of that calculated will 
be absorbed in such an area in the early autumn, in winter if sunshine is avail- 
able and no snow is present, but especially in the spring and early summer. For 
this reason the amount of heat as determined by Fig. 9 could safely be assumed as 
available during the inajor heating season only, which for Seattle would be from 
about October 15 to about March 1. For any other locality the major heating 
season must be determined by a study of the Weather Bureau data. 


TABLE 4—PERCENT OF HEAT PuMpP OPERATING TIME PoRTLAND, ORE. 


PERCENT OF Hours PERCENT OF TIME OPERATING 
MonTH DEGREE TIME OF 
Days OPERATING* OPERATION 
Pee 781 68 505 61 59 
a 613 59 396 54 52 
ee 536 47 349 45 35 
ee 366 33 237 25 24 
ae 229 20 149 13 
June. 105 9 64 7 
| “eae 26 2 15 8 
eres 28 2 15 12 
eer 105 9 | 64 15 
Oct... 293 25 186 20 
ere 537 48 346 38 
ee 721 63 470 46 58 
TOTALS. ..... 4340 | 
| 


DETAILED INFORMATION ON HowsEs 


Gross HEATED HEAT 
House Cu Fr UNIT SOURCE 
E 10300 3 hp Well 
F 23000 5 hp Well 


a Based on average of the coldest January day for 7 years, taken every third year. 
Degree days for average coldest day=37 


Very little heat from the interior of the earth is available since the earth’s 
natural temperature gradient is about 1 deg increase for every 60 ft increase 
in depth below the point at which the temperature remains virtually constant 
throughout the year. Such a small differential temperature will cause very little 
heat migration. 

Underground moisture migration, especially where the surface has a more 
or less gradual slope, may supply a given length of buried tubing with far more 
heat than would otherwise be available. Two rather unusual installations of 
this type have been under observation for some time in connection with these 
studies. However, with other heat pumps in the near vicinity, such moisture 
migration might become a detriment. 

Determining the Operating Time: Weather Bureau records offer a rather 
simple means of calculating the approximate percentage of the total time the 


. 
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heat pump will operate each month. A properly designed heating system should 
supply the house with adequate heat on the average coldest day that might be 
expected. In most northern climates such days occur in January. This average 
coldest day should be chosen by selecting the coldest January day for each of 
a number of years taken more or less at random, such as every one for five 
or more years, or every other one for ten or more years. Since the heating 
system must run almost continuously on this day, the degree days for this aver- 
age coldest day multiplied by the days of the month considered would give the 


TaBLe 5—Percent oF HEAT Pump OPERATING TIME SPOKANE, WASH. 


PERCENT OF Hours PERCENT OF TIME OPERATING 
MONTH DEGREE IME OF 
Days OPERATING* OPERATION House House 
G H 
1152 73 542 74 84 
eb. 929 65 437 64 7 
eee 757 48 356 47 48 
Apr... 492 32 230 27 30 
281 17 126 13 13 
114 7 50 12 
Stee 21 1 7 9 5.5 
(Se er 37 2 14 11 4 
RRR 187 12 86 9 18 
482 31 230 12 33 
eres 821 53 380 43 62 
ES 1061 67 498 45 73 
FOTALS. .... 6334 2956 
DETAILED INFORMATION ON Houses 
Gross HEATED 
House Cu Fr Unit SOURCE 
G 4 17660 5 hp Ground Grid 
H | 10180 3 hp City Water 


a Based on average of the coldest January day for seven years, taken every third year. 
Degree days for average coldest day=51 


equivalent monthly degree days. The Weather Bureau’s average degree days 
for a given month, divided by this equivalent value, and then multiplied by 100 
will give the percentage of time the heating system will operate during that 
month. Tables 3 to 6 present such computed percentages using the Weather 
Bureau’s 50-year monthly average degree days, and seven random years to deter- 
mine the average coldest day. In each case the actual percentage of operating 
time as computed for houses using heat pumps is also given. In most cases the 
actual operating time is less than that computed. This either indicates that the 
unit is larger than necessary or that heating is being conserved, as is the case 
when the house is not heated at night, or unoccupied temporarily. In other cases 
the actual operating time is greater than the computed time which might indicate 
an under-sized heating unit. 
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The computed operating time for the various climates result in some interest- 
ing differences. Thus, the operating times in Seattle or Portland are rather 
high and spread throughout most of the year though the degree days per year 
for Spokane or Boise are both much higher than those of Seattle or Portland. 
This means that the unit for Seattle or Portland can be smaller than is neces- 
sary in Spokane or Boise for the same type of house. On the other hand it must 
operate more of the time especially in early spring or late autumn, and may even 
be needed occasionally during the summer months because the weather on the 
Coast is tempered throughout the year by the nearness of the ocean. 

Possibilities of Determining Soil Constants: With continually recorded tem- 
peratures at various depths below the soil surface as were taken for this study, 
the transient behavior of the flow of heat can be determined. Since the rate at 
which the heat travels through the soil is determined by such soil constants as 


Fic. 10. Prior or Soi. THERMAL 
DirFusivity AGAINST DEPTH. CAL- 
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thermal conductivity and diffusivity, such constants can be thus calculated by 
using equations based upon the solution of Fourier’s differential equation! for 
temperature variations with the flow of heat. 

Calculations of this nature were made using the formula, 


.... 
where 


t is the time required for a given temperature to travel x distance either upward or 
downward. 


The subsurface temperatures recorded at Station A were used to determine such 
time delays. Fig. 10 is a plot of the calculated thermal diffusivity at various 
depths below the surface. Laboratory tests? on a sample taken about 5 ft below 
the surface at Station A gave the value indicated on the curve as a laboratory 
determination. 

The diffusivities determined by the use of Equation 2 appear to be a little 
high especially at the greater depths. However, the greater moisture content 
and possible increased density at such depths would account for some increase. 

The temperature records were not taken with this application in view. The 
use of more accurate methods of recording temperatures for this purpose might 
have resulted in even better results. 


CONCLUSIONS 


This study proposes approximate methods of using Weather Bureau records, 
which are quite generally available, to determine some of the desirable informa- 


512 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


tion for the design of heat pumps and ground grids. To determine more accu- 
rately the ground heat available, the temperatures near the surface of the soil 
must be obtained throughout the year, and even these would give information 
for that year only. Needless to say, the time and cost would in general be pro- 
hibitive. 

If similar comparisons could be made between the approximate methods and 
the more accurate ones wherever actual ground surface temperatures are avail- 


TABLE 6—PERCENT OF HEAT PuMP OPERATING TIME BotseE. IDAHO? 


De- PERCENT Hours PERCENT OF TIME OPERATING 
MONTH GREE oF TIME OF 
Days | OPERATING* | OPERATION — House — — — — 


jar. 1097 62 461 64 66 55 85 64 75 
eb... 854 53 356 54 42 35 55 75 44 
Mar.... 694 39 290 36 24 23 24 43 37 
Apr... 438 25 180 17 19 11 8 17 18 
May. 208 11 } 82 5 z 4.5 2.3 1 5 

uly. . | 
Aug. . 
Sept. . 87 5 
Oct 406 23 170 21 48 11 34 27 30 


Nov.. 728 42 302 26 | 36 | 24 | 42 | 36 | 36 
Dec. 1010 57 424 41 48 42 57 55 57 
TOTALS. .| 5522 2301 
DETAILED INFORMATION ON Houses 
Gross HEATED HEAT 
House Cu Fr Unit Source 
I 9400 3 hp Well 
J 14300 5 hp Well 
K 10300 5 hp Well 
& 17500 5 hp Well 
M 18900 5 hp Well 
N 24100 7% hp Well 


a Based on average of the coldest January day for seven years, taken every third year. 
Degree days of average coldest day= 57 


able, the accumulated results would probably suggest a very acceptable procedure 
until enough experience with heat pump and ground-grid operation has been 
acquired to suggest better methods. 

In general climatology data are very valuable in such heating design work. 
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DISCUSSION 


L. R. INGERSOLL, Madison, Wis. (WrittEN): I want to compliment Mr. Smith on 
his heat pump investigations, partly because of the use he has made of heat conduction 
theory in connection with his experimental work. It is true that theory is sometimes 
far from satisfactory here, due to unknown or complicating factors, e.g., moisture 
migration in the soil, but in any case it can help guide investigation. Without it, 
experimentation may degenerate into merely “shooting in the dark.” 

It might be pointed out that a series of underground temperature measurements, 
such as were made here, afford one of the best possible means of measuring the ther- 
mal diffusivity of the soil, and, indirectly, its thermal conductivity. This presupposes 
that great care is taken—as I assume was done here—in arranging the thermocouples 
so that conduction aleng the wires cannot vitiate their readings. 

I am a bit interested in the calculation of the total seasonal heat taken in by the 
ground because of some computations I have myself made, although they have a 
somewhat different slant. I would warn against overestimating the importance of such 
calculations, however, because they apply with any exactness only to the hypothetical 
case of a continuous grid over, or rather under, a large ground surface area. In the 
usual practical case of more or less isolated pipes a large share of the heat is drawn 
laterally. Mr. Smith takes account of this fact, but does not stress it as much as | 
would be inclined to do. 


E. B. Penrop*, Lexington, Ky. (WrittEN): The approximate method, outlined 
by Professor Smith in his paper, of using Weather Bureau records to determine 
information needed to design earth heat pump systems is very timely. The proposed 
method should be utilized by heat pump engineers in designing pilot heat pumps in 
localities where the necessary data are available. If this is done, operating data should 
be taken over a number of years to check the method. At the present time there 
may be sufficient air temperature data in the various weather stations, but little or 
no surface temperature data have been taken and recorded. Where surface tempera- 
ture data are not available, the proposed method is not applicable. 

The paper will be exceedingly valuable if it stimulates meterologists and clima- 
tologists to extend their investigations to the measurement of soil temperatures at 
various depths and the vertical component of solar radiation. Wherever soil tem- 
peratures are measured, the soil should be analyzed to determine the Casagrande 
classification, moisture content, liquid limit, plastic limit, and the plasticity index. 

The author states that air temperatures were recorded from near the earth up to 
a height of 150 ft at twelve minute intervals, but failed to mention whether the 
average air temperatures shown in Fig. 4 included readings at more than one ele- 
vation. 


* Head, Department of Mechanical Engineering, University of Kentucky. 
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In discussing the optimum depth for a ground coil, the author did not consider the 
performance when the heat pump operated on the cooling cycle. In many localities, 
the earth heat pump will operate as long on the cooling cycle as on the heating cycle. 
It should be recognized that considerable heat can be stored in the soil during the 
cooling season provided the earth heat exchanger is placed at the proper depth. 

It is interesting to note, in the example cited, that the heat absorbed by soil 
due to rainfall was approximately 10 percent of that from solar radiation. From 
Fig. 9, however, for a base temperature of 48 F, it would appear that the heat 
from the sun should be about 6,400 Btu per sq ft per season instead of 7,450. If so, 
a value of 6,930 would be obtained. This in turn, would give a column of about 30 
instead of 35 ft. 

In conclusion, | would like to point out that the proposed approximate method can 
be understood and applied by a competent design engineer. A casual study of the 
paper shows that a tremendous amount of work was done in taking and recording 
the data presented. Heat pump engineers are very fortunate in having the results of 
this investigation made available. 


T. H. Urpant, Washington, D. C. (Written): This paper is timely in that it 
adds further needed emphasis upon the value of a United States Weather Atlas. Such 
a volume is about to be prepared by the United States Weather Bureau, with the 
assistance of interested groups if funds are made available by the Congress of the 
United States. 

Data, upon which to base such an Atlas including those which would show the 
feasibility of heat pump operation in a given locality, are available in present records, 
but have never been presented in a form readily usable by designers. The processing 
of data, and its translation into forms generally approximating those indicated by the 
author, would do much to take the heat pump application into wider practical use. 

THE AMERICAN Society OF HEATING AND VENTILATING ENGINEERS has been fore- 
most among engineering groups in advocating the compilation and publication of a 
Climatic Atlas and in showing the immense economic benefits to be realized through 
a more complete knowledge of climatic conditions, quantitatively expressed for the 
country as a whole and for localities individually. 

The work of the Society, under its TAC on Weather Design Conditions, has stimu- 
lated the interest of other groups, and the Weather Atlas has been endorsed as a 
primary need of the construction industry by The Building Research Advisory Board 
of the National Research Council, The American Institute of Architects, the Air 
Conditioning and Refrigerating Machinery Association, and many other trade and 
professional groups. 


C. F. Kayan, New York, N. Y.: I have a brief question concerning the practical 
matter of installing the temperature resistance thermometers at different depths. How 
were they brought down to the different depths, and how were they located at the 
proper points and protected from extraneous temperature effects. 


H. M. Henoprickson, Seattle, Wash.: Since Professor Smith has pointed out that 
the amount of heat available for the heat pump from the ground depends upon the 
amount of heat picked up in the off season, I am wondering about the character of 
the surface of the ground, and how that would affect the heat pickup in the off season? 
I would like to ask Professor Smith if the surface of the ground had vegetation, 
whether it was a lawn or whether it was ordinary soil, and how the surface would 
affect the amount of heat that will be picked up by the heat pump during the off 
season. 


J. R. Jamieson, Urbana, Ill.: I have one question regarding Table 2, Calcu- 
lated Rainfall Heat Absorbed by Soil. I wonder if that calculation is not based upon 
the assumption that all the rainfall passes down through the soil, and is taken away 
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by the movement of the ground water? If that is the case, maybe we are showing 
a little more than actually would occur because of two factors that would affect it. 
Seemingly the rainfall hits the soil, and there might be considerable evaporation 
back to the atmosphere which means the heat would not then be available to the 
coils in the earth. The soil would be affected by the drybulb temperature of the air, 
the wind velocity and the relative humidity following any rainfall. 

The.second factor would be the runoff. In other words how much runs off rather 
than goes down and is carried away by the ground water? If those two factors are 
of any magnitude, it might mean that the values given in Table 2 might be somewhat 
high. 


R, C. CHEwNING, Portland, Ore.: Professor Smith, in determining the amount of 
heat that might be put into the ground, due to rainfall, sun and so forth, is assuming 
an average ground temperature of 48 F. When a heat pump with a ground coil is 
in operation, the temperature of the ground in the vicinity of the coil is approximately 
25 to 30 F. The lower temperatures in the soil have two important effects: (1) the 
amount of heat available to the soil from rainfall would be increased several hundred 
percent, (2) the time lag in the transmission of the heat from the surface down to 
the coil would be greatly reduced. 

Further, since the temperature at which we get the bulk of our rain in this area, 
is about 45 F, the statement that it is necessary to pick up the heat during the sum- 
mer in order to operate a heat pump is questionable. I think actual experience does 
not confirm that conclusion. There is no doubt that it is necessary to bring the ground 
temperature back up to a higher level during the summer for a considerable distance 
around the coil, but that is usually accomplished long before the summer is over, 
probably by the middle of July. From then on the additional heat that is being given 
by the sun, rain, etc. has relatively small effect on the storage capacity of the soil. 


Autuor’s CLosure: Dr. Ingersoll has called attention to a most important point 
in conducting research of this type. Without the guidance of mathematical theory, 
the important conclusions to be checked by experimental work would quite often be 
completely lost because of the multitude of factors influencing such experimental work. 

In further answering Dr. Ingersoll as well as many of the remaining contributors 
in this discussion, the method of predicting the amount of heat available from a given 
area was not proposed as an accurate one, but due to the almost complete absence 
of any other method for making even an intelligent guess, this method bases an esti- 
mate upon a logical mathematical basis, with the use of information which can be 
obtained for any locality. Every effort was made to arrive at results which would be 
conservative and probably less than actual experience would prove. 

Dr. Ingersoll suggests the possible effects of lateral heat flow, Professor Hen- 
drickson mentions the effect of the surface vegetation, Mr. Jamieson and Mr. Chew- 
ning mention the effects of rainfall. To satisfy the condition known to prevail at 
a given site intelligent corrections should be applied for the given case. If there is 
no other ground grid within a reasonable distance, the perimeter of the area to be 
assumed as furnishing the heat could be five to ten ft distant from the outside tube 
in the grid. If the vegetation is dense less heat would penetrate into the soil. If warm 
winter rains are the rule as in the Pacific Northwest, a considerable additional heat 
replacement during the heating season could be assumed, and a rough calculation from 
average weather records could be made. Probably a more accurate estimate of the 
actual heat available must finally depend upon actual heat pump experience in each 
area. - 

The lateral heat flow and especially the heat obtained from the earth’s center are 
of rather minor importance. However, where these is underground water movement, 
entirely different results might be expected. 

In reply to Professor Penrod, the average air temperatures used were purposely 
those taken by the U. S. Weather Bureau at a station having temperatures very simi- 
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lar to these at the University. The air temperatures at the University Station were 
only used for comparison. 

Professor Penrod also suggests the consideration of cooling cycles when deter- 
mining the depth of ground grids. In the Pacific Northwest the cooling cycle is 
very lightly considered but where cooling is an important factor, the coil depth must 
be altered. For heat storage a greater depth is highly desirable, and such a depth 
might give better results for both heating and cooling, when the direct heat absorption 
during the summer would become a lesser factor. 

Mr. Urdahl’s mention of a United States Weather Atlas is most interesting. Such 
a publication would have been most valuable in a study of this type. If surface and 
subsurface temperatures at various parts of the country had likewise been available, 
comparisons of the calculations for the surface and maximum air methods could have 
been carried out for several locations. Similar calculations made for at least one 
other very different location would be most desirable. 

In answer to Professor Kayan, the resistance thermometers were fastened to a 
light wood support, placed in the well and the well filled in. 

I have already suggested the effect of surface foliage mentioned by Professor 
Hendrickson. The surface temperatures obtained for this study were purposely taken 
on a site with a normal clipped lawn and with a few trees which would cast shadows 
during portions of the day. This was intended to correspond to the average lot under 
which a ground grid might be placed. Studies made with bare ground as compared 
to considerable vegetation do indicate a somewhat lesser absorption with a moderate 
amount of foliage but unless the covering is quite dense the results are not radically 
different. 

Both Mr. Jamieson and Mr. Chewning stress rainfall. The proposed calculations 
for rainfall are far from satisfactory, and run off as well as evaporation could easily 
detract from that calculated. However, I must agree with Mr. Chewning that rain- 
fall, especially during the heating season, and especially in the Pacific Northwest 
probably makes a very marked contribution to the available heat for a ground grid. 
In my calculation I assumed no heat from rainfall when the average air temperature 
was equal to or below the assumed average soil temperature and this eliminated almost 
all the heating season. In general rain during the heating season occurs at times of 
abnormally high temperatures compared to the average for that season, and since 
water has a very high specific heat the heat carried into the soil during winter rains 
is probably of considerable importance. To calculate the amount would usually require 
more information than is often available in the usual weather reports. However the 
necessary information can usually be supplied by the Weather Bureau upon request. 

I cannot quite agree with Mr. Chewning that the average temperature of the whole 
plot drawn on by a grid would be as low as 25 to 30 F unless severe freezing of the 
soil was allowed. Such severe freezing would cause severe heaving of the soil and 
perhaps damage to surface foliage. 
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HEAT REQUIREMENTS OF BUILDINGS 
By C. W. Si1cnor,* Detroit, Mricu. 


HE PURPOSE of this paper is to make available a tabulation of the 

heating and process steam requirements of 544 buildings located in the 
business center of Detroit, Mich. These buildings are grouped into 24 classi- 
fications according to their usage and size and are supplied with steam from the 
underground district steam distribution system. The maximum steam pressure 
delivered to the user is 28 to 32 psig with the exception of a 100 psig main serv- 
ing the high pressure requirements of two hospitals. The steam enters the 
buildings through a service pipe and then the pressure is reduced as required 
for heating and process. 


STEAM METERING 


All condensate from the heating and process equipment in a building is re- 
turned to a central point, where possible, and it then goes to a condensate meter. 
The amount of steam used in sterilizers, cookers, clothes presses, etc., and which 
cannot be metered is relatively small and is not included in the figures in this 
paper. In such buildings as hospitals and hotels, where considerable open end 
steam is used, this steam is metered by a flow meter. 


BuiLpincs AND EQUIPMENT 


The buildings are located in or near the downtown business district of Detroit. 
These buildings vary in type in this area from some of the older to some of 
the most modern. 

In nearly all of the heating systems, steam is used in the radiators, but in a 
few cases steam is used by means of a converter to supply hot water for space 
heating. The steam heating systems vary from the old one-pipe gravity heating 
system to a modern two-pipe high vacuum, zoned heating system. 

In some of the buildings, heating is still controlled by manual operation of 
gate valves. In the remainder many types of building temperature controls are 


* Supervisor of Customers’ Steam Service, The Detroit Edison Co. Member of A.S.H.V.E. 
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used, including unit thermostats, outdoor actuated cycling controls, outdoor 
actuated program controls, and the medium and high vacuum controls. Buildings 
have one or more controls depending upon the number of zones. 


STEAM CONSUMPTION RECORDS 


There were 1786 customers being served by the distribution system during 
the heating season of 1948-49. For each building with more than 750 sq ft of 
radiator surface, a Steam Consumption Record card such as shown in Table 1 
was prepared. Each month the amount of steam used by each building and the 
cost is entered on the card. 

The Estimated Monthly Consumption for Process, Lb, as shown on the card, 
is metered in a few buildings, but for most of the buildings it represents the 


TasLeE 1—StTEAM CONSUMPTION RECORD 


MEATING SEASON 1048-49 TEATING SEASON 1949 50 
naue__Office Building none 


average monthly steam consumption during the summer months when building 
heating is not required. Process includes water heating, cooking, etc. 

Consumption for Heating is the difference between the total consumption and 
the process load. 

Average Mean Temperature and the Degree Days, 65 F base are from the 
data of the United States Weather Bureau located at the Detroit City Airport. 

Lb per Degree Day and the lb per Degree per M cubic feet of Space are 
computed and entered each month when heating is required. 

The cubic feet of space for each building, as is shown at the top of the card 
(Table 1) is not the architectural cubage but is the heated space from inside 
measurements of the building. 


PurRPOSE OF STEAM CONSUMPTION RECORD 


The purpose of keeping steam consumption records for these buildings is to 
obtain an indication whether the use of steam is above or below the normal 
requirements of the building and whether the use is above or below normal 
for the type of building or business. 

When the steam use in a building is below normal, it is usually due to a 
reduction in: space heated, hours of heating, or inside temperature, or it may 
be due to loss of condensate before metering. When the steam consumption is 
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above normal it is usually due to increased space heated, increased hours of 
heating, careless operation of equipment, or faulty equipment. 

The building owner or engineer is notified of abnormal use of steam and 
advised how waste can be eliminated. This requires a continuous educational 


TABLE 2—STEAM CONDENSED PER SQUARE Foot or RaApIATOoR HEATING 


SuRFACE* 
Avc Ls/Sq Fr 
| HEATING | RADIATOR RADIATOR 
YEAR | SEASON, SURFACE SuRFACE/DEG 
BELow 65 F 
40.8 470 19.4 
37.8 484 17.8 
38.6 484 18.4 
39.9 436 17.4 
43.2 308 14.2 
40.4 295 12.0 
37.4 372 13.5 
40.2 307 12.3 
41.7 318 13.7 
39.1 332 12.8 
| 40.3 323 | 13.1 
| 39.4 362 14.2 
39.0 360 13.8 
41.6 328 | 14.0 
| 


a Based on the average of total connected radiator heating surface at the beginning and ending 
of each year. 


program in which users are informed about the best and most economical ways 
of using steam service. 

The results of work with users is illustrated in Table 2 which is based on 
the total pounds of steam consumed by all users during a year, the average con- 
nected radiator surface and the average temperature for each heating season. 
The last column, Pound Per Square Foot of Radiator Surface Per Degree below 
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65 F shows considerable decrease between 1921 and 1931. In the years from 
1932 to the present this figure has fluctuated somewhat due to various factors 
such as economic conditions and growth of system. 


HEATING AND Process STEAM REQUIREMENTS OF VARIOUS BUILDINGS 


The period covered by this study was the 12 months ending August 30, 1949. 
The steam consumption records for buildings having more than 2000 sq ft of 
radiator surface were classified into 24 different groups as shown in the left 
hand column of Table 3. The steam consumption for the buildings in each group 
has been calculated on the basis of radiator surface and heated space. Steam 
for heating has been given in pounds per degree-day per thousand cubic feet of 
heated space. Steam for process is given in pounds per cubic foot of heated space 


per year. 


DISCUSSION 


D. W. Loucks, Pittsburgh, Pa. (WRITTEN) : This paper contains much information 
of interest and value to those concerned with the operation and maintenance of 
buildings. 

In the first place, Table 1 shows a method of keeping a record of steam consump- 
tion. Many if not all, district heating companies keep a steam consumption record 
of all or most of their steam users in one form or another in order to assist the users 
to attain economical operation. It affords a means of watching the performance of 
the heating system and the care with which it is being operated. Everyone interested 
in economical operation can profit by establishing some system of recording and 
observing the rate of steam use. 

This paper also shows the value of efforts to reduce steam consumption as indi- 
cated in Table 2. By averaging the rates of steam use for each five year period the 
Ibs per sq ft of radiator surface per degree below 65 F is as follows: 


1921-25—-18.8 1936-40—12.5 
1926-30—16.5 1941-45—13.04 
1931-35—12.4 1946-49—13.8 


It will be noted that the rate of steam use was highest during the period 1921-25, 
being 18.8 Ibs per sq ft, and lowest during the five year period 1931-35 and then started 
upward again from this period. This is an interesting trend because it indicates that 
about ten years of concentrated effort on the part of the district heating company was 
required to reach the maximum effect of such efforts over a large group of steam 
users. The gradual increase after that period up through 1949 is undoubtedly caused 
by improved business conditions. Improved business conditions may cause an increased 
rate of consumption in two ways—first, the occupancy and the activity in any given 
building increases, and secondly, as business improves there is a lesser tendency to 
scrutinize such costs as heating as carefully as might be the case under poor business 
conditions. 

The information given in Table 3 indicates certain unit measures of steam usage 
for various classes of properties. It should be pointed out that these measures are 
more relative than absolute. In other words, these rates of steam use should be used 
more for comparison purposes than as a means of estimating steam consumptions for 
various buildings. 

The rate of steam use in pounds per cubic foot per year is not an accurate method 
of estimating steam usage because of the influence which the shape of the building 
has on the ratio of volume to exposed wall area and also for that reason it is not 
a highly accurate method of comparing the steam consumptions of one building with 
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another. For example, one building having dimensions 25 ft X 100 ft has the same 
volume as another building having dimensions of 50 ft X 50 ft, provided they have 
the same height. In one case the perimeter of the building is 250 ft and in the other 
case the perimeter is 200 ft. It would, therefore, be expected that the rectangular 
building would have a greater use per unit of volume than would the square building. 

While the unit steam consumption per square foot of installed radiator surface 
may be more accurate, it also is subject to error because the amount of actual radiation 
installed may not conform to the actual or calculated heat loss requirements. This 
condition is frequently encountered in buildings of the older type. 

These methods of measuring the rate of steam usage are, however, most valuable 
in watching the year to year performance of a given building and it is also valuable 
if used advisedly as a guide to the relative efficiency with which buildings of the 
same class are using steam. 


AvutTHor’s CLosure: I appreciated the detailed and enlightening discussion of my 
paper by D. W. Loucks. I do not feel that it is necessary to review his comments 
except to say that I am in complete agreement with them. 

However, I would like to emphasize that the figures in the paper represent average 
use of steam for heating and process for each class of building and the intended use 
of these figures is to indicate when the use of steam for a building is above or below 
normal. 

Even though the steam use for any building may vary considerably from these 
average figures, it can still be normal for the conditions existing in the building. 

The steam used for heating will be influenced by the hours of heating, the lighting 
load, the condition and maintenance of the building and heating system, the type and 
amount of occupancy in the building, the temperature controls and, as Mr. Loucks 
pointed out, the relation of the outside exposure to the volume. 

The steam used for process will be influenced by the type and amount of occupancy, 
the amount of business, the controls and maintenance of the process equipment. 


With complete understanding of the factors which influence the amount of steam 
used, the figure in Table 3 can be used for rough estimates of steam use. 
In closing, I would like to thank Mr. Loucks for his discussicn. 
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ENERGY—CHOOSE IT WISELY TODAY 
FOR SAFETY TOMORROW 


By G. W. GLEEson*, CorvALLIs, ORE. 


N THE concept of the broad divisions of the entity of engineering, we include 
men, money, methods, materials, manufacture, and energy. It is significant 
that we separate and fragment each broad classification to our probable detri- 
ment, but, basically, the study of energy as a whole subject is fundamental to 
any and all engineering patterns. When considered from the viewpoint of the 
attributes of our western civilization all else depends upon our ability to utilize 
our energy resources. Without adequate energy resources, manufacture cannot 
take place, consideration of methods becomes insignificant; material cannot be 
processed for use; money will not circulate, and men will not prosper according 
to our present day standards. 

It is common practice to study energy in a fragmented part, even to the second 
and third degree of fragmentation. For example, we circumscribe a field of 
thermodynamics for mechanical engineers, calling it, perhaps, fuel and com- 
bustion, or heat power, but we do not include within the boundaries the total 
subject matter pertinent to even the first breakdown. We fragment further to 
include only that portion of thermodynamics or other subject matter which a 
mechanical engineer commonly uses, and then, because we have lost the funda- 
mental continuity of a whole pattern, we resort to empiricism and tabular or 
graphical means of calculation which are restricted to single working substances 
or fixed conditions. The more we fragment, the more we limit the range of the 
subject and straight-jacket our thinking. 

If this paper does nothing more than raise the singular subject of energy 
above the detail of its fragmented parts, it will have served a purpose. However, 
it is intended to evaluate energy as a resource, irreplaceable in large part, and 
deal with the resource upon the same basis as we would our resources of 
material. The conservation of energy is more than a law of physics or principle 
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of thermodynamics. Our dependence upon our energy resources are perhaps even 
more significant than our dependence upon material, but our consideration of 
such resources appears to be inversely proportional to our use. 

Accordingly, that which follows attempts to consider all energy resources, 
as it is highly probable that the pattern of energy usage in the not too distant 
future will involve an appreciable amount of substitution of sources, either 
directly or through new process development. It is pertinent to mention that 
considerations of energy alone may indicate possible shifts of population centers 
and most certainly shifts in industrial concentration. It is certain that more 
complete integration of energy uses compatible with domestic or industrial 
requirements will be necessary and will be dictated by economic considerations 
if not by conservation practice. 

The writer is particularly indebted to many previous authors and all sources 
of information as enumerated in the appended bibliography. 


GENERAL CONSIDERATIONS 


As would naturally be the case as dictated by economy, man has made greatest 
use of those energy resources which were most accessible or packaged in the 
most desirable physical state. Accordingly, our so-called fossil fuels, including 
coal, petroleum, and natural gas have been most widely exploited. Energy 
sources may be classified for considerations of conservation into two broad 
categories: (1) Continuous sources of energy which can be used to maximum 
possible extent without depletion; and (2) discontinuous sources of energy 
which have definite, although somewhat unknown, limitations in amount. The 
fuels of greatest current use fall within the discontinuous classification; hence, 
the prospect of ultimate depletion of reserves of the discontinuous type become 
a reality under conditions of current rate of use. 

Enumerating according to the classification: 


(1) Continuous Sources of Energy: a. Water Power; b. Energy from Vege- 
tation (directly and indirectly); c. Solar Energy; d. Wind Power; e. Earth 
Heat; f. Tidal Power; g. Tropical Waters; h. Heat Pump. 


(2) Discontinuous Sources of Energy: a. Coal; b. Petroleum; c. Oil Shales; 
d. Natural Gas; e. Atomic Energy. 


In the following, each of the energy sources will be discussed briefly, par- 
ticularly from the standpoint of limitations. Such discussion must, obviously, 
be confined by present day concepts and be without the benefit of such future 
developments as man is certain to bring forth. It is significant that most authori- 
ties agree that the major advances of the future will be in the field of continuous 
energy supplies. Yet, at the present time, attention is almost exclusively directed 
toward our discontinuous sources, and, because we are more familiar with them, 
such sources will be given priority in order of discussion. 

Before a consideration of individual fuels, it is pertinent to provide a frame 
of reference in terms of the estimated overall world resources of energy as set 
forth in Table 1 in equivalent terms of millions of tons of bituminous coal. 

It appears to be a paradox, but, in terms of the present direction of technical 
evolution, Asia, particularly China, and North America have the greatest poten- 
tialities for progress. It is necessary that America maintain a rate of capital 
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growth sufficient to offset the energy and population potentials of Asia if we 
are to maintain our dominant position in world affairs. This statement stems 
from the commonly recognized fact that national power depends upon three 
major components, population, energy resources, and the application of capital 
or its equivalent. 

Furthermore, as a general consideration, we cannot escape our obligation or 
responsibility to future generations. Repudiation of such responsibility robs life 
of its significance, although we seldom take time to consider the full meaning of 
our transient existence. Certainly, we of the present generation are, in part, 


TABLE 1—WorLpD REsouRCES OF ENERGY 


As MILLIONS oF Tons oF BiTuMINOUS COAL 


SELECTED COUNTRIES 


a Exclusive of U.S.S.R. 


guardians of the future; we simply have lease upon the stuff of life, but we appear 
bent upon consumption of the leaseholding. Most certainly. future generations 
have some equity in that which we so unthinkingly consume today, hence, con- 
servation in its broad aspects has far reaching ramifications. Among the many 
things we should harbor and conserve, perhaps none are more important than 
our readily available, discontinuous sources of energy. 


COAL 


Confusion exists as regards coal reserves. The estimation of any underground 
resource can never be exact. Many estimations of the past have been construed 
as reference to proved reserves, and many estimates have not been classified as 
regard to cost of recovery or, for that matter, actual feasibility of recovery. We 
may be sure, however, that our coal reserves represent our most extensive dis- 
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continuous energy resource. Two extensive federal surveys have been made in 
1907 and 1936, but due to marked variations which have appeared in recent 
years, another survey is underway that will be more concerned with the prac- 
tical problem of recoverability. We are currently uncertain of our potential, 
therefore, and must wait several years for the more comprehensive and complete 
picture. Table 2 gives selected results from the two previous federal surveys. 

The appreciable decline in magnitude of estimates between the two surveys 
may be noted in Table 2. 


TABLE 2—FEDERAL Coat Resources Survey! 
IN BILLIONS OF TONS OF COAL 

STATE 1907 1936 


1936 FEDERAL 


STATE SURVEY 


STATE SURVEY CORRECTED 


Various states have made their own surveys with suitable corrections for 
unrecoverable material, production, and losses. Table 3 presents some com- 
parative results. 

We have come to believe that our coal reserves are inexhaustible, but even 
a superficial study indicates wide divergence of estimated reserves from the 
availability viewpoint. Estimates vary from 200 to 1500 years supply as based 
upon the current total annual energy requirement of the U. S. Probably the 
actual value lies somewhere between the two extremes. The assumption of even 
the minimum period of time may result in complacency; however, a few dis- 
turbing features are evident. 

We can be certain that coal will become more costly to produce and more 
costly to use. It will come from thinner and less accessible seams in more remote 
areas. It will have higher ash, more sulphur, and lower heat value. 


1 Exponent numerals refer to References. 


Tas_eE 3—BILLions oF Tons oF Coat! 
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The weighted average thickness of coal seams has been estimated at 5.3 ft, 
and, at such thickness, one year’s production of coal would exhaust about 120 
sq mi. Thicker seams have already been exhausted in the older territories and 
mining costs are increasing rapidly. 

Coal to transport becomes an ever increasing cost factor as shipping distances 
increase. 

No single coal deposit is known that will provide for large-scale production 
in an immediate, convenient, and economic manner sufficient for liquid fuel pro- 
duction by synthesis. 

Underground gasification may prove feasible without large waste. 

About 20 percent of the bituminous coal produced goes to coke. Depletion 
of coking coal reserves has progressed three times as rapidly as others, and it 


TABLE 4—Wor-Lp OIL PRODUCTION IN THOUSANDS OF BARRELS 
Per Day AVERAGE 


AREA | Nov. 1949 | Nov. 1950 


4536.8 5365.4 


a Estimated 


is generally agreed that a relatively high percentage of exhaustion of coking 
coal reserves has already been accomplished. Certainly, we should give special 
consideration to our mis-use of good coking coals in domestic furnaces or 
industrial steam plants. 


PETROLEUM 


Because of the desirable physical state of petroleum products, large scale use 
has developed to the point where our petroleum reserves are of critical impor- 
tance. Average production of oil over the world is given in Table 4. 

It is evident that the U. S. produces over one-half the oil of the world and 
consumes the major portion of its production. If we produce as much oil in 
the future as we have produced in total up to the present, we will be fortunate. 
A 100-million-barrel field is now an exciting discovery and we shall have to 
locate the equivalent of about 100 fields of this size to produce as much in the 
future as we have in the past. Such discovery does not appear probable. 

Much could be said about our petroleum situation. Boyd’, however, has 
recently presented a concise, graphical summary (see Fig. 1). The projected 
demand superimposed upon the most reliable estimates of supply indicates a 
period of petroleum shortage after about 1955, this shortage becoming increas- 
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ingly acute with time. Some technologists are more optimistic than Mr. Boyd 
and there is really no way of knowing whether we shall add 10 or 55 billion 
barrels of oil to our domestic reserves. These two figures represent the extremes. 
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Even the most optimistic figure, however, does not prolong the life of our domes- 
tic resources greatly, and particularly so if we continue the expansion of 
petroleum use. Such impending shortage of supply brings several considera- 
tions into sharp focus. 
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In the immediate future we shall probably increase our petroleum imports 
by an appreciable amount. 

To provide our growing motor fuel requirement alone, which was approxi- 
mately 37 billion gallons in 1949, will, in the not too distant future become a 
significant problem. 

Considering the important uses of petroleum such as for motor fuel, solvents, 
petro-chemicals, etc., it appears foolhardy to use petroleum as a source of energy 
for space heating or for transportation motive power when other fuels might be 
substituted. 

Certainly, with regard to our petroleum resources, we have given little atten- 
tion to the requirements of future generations and have depleted a vital source 
of energy solely upon the basis of immediate economics and availability, with no 
thought for the long-time significance of such action. 


SHALES 


Our oil shale deposits are located mainly in the so-called Green River forma- 
tion as represented by deposits in Colorado, Utah, and Wyoming. The combined 
results of the U. S. Geological Survey, the U. S. Bureau of Mines, General Petro- 
leum, and a report upon the Naval Oil-Shale reserves indicates a probable 345 
billion barrels of oil, although the deposits have not been surveyed completely. 
This is about 10 times our total petroleum production up to date, and, as such, 
represents a vital, undeveloped potential. 

Only a relatively meager sampling program has been conducted upon the 
shale, considering the quantity and extensive area of coverage. Colorado con- 
tains approximately 300 of the estimated 345 billion barrels, yet there is only 
one sample section for every 39 sq mi. In addition, the oil yield from the shale 
varies greatly from traces, to as high as 60 gal per ton of shale. The principal 
costs of mining, transport, and retorting are the same, regardless of the yield; 
hence there must be some cut-off value below which oil recovery would be 
improbable. This figure has been more or less arbitrarily set as 30 gal per ton. 
With such cut-off figure, allowing for mining losses, and with due regard for 
costs of extraction up to a figure as high as four times the current price of 
competitive crude, it appears that a reasonable reserve of 80 billion barrels may 
be depended upon. 

At current rate of consumption, assuming direct substitution, the oil shale 
would provide our petroleum needs for approximately 28 years or, assuming 
minimum projected 1975 consumption figures, for 17 years. It is pertinent to 
remark that oil from shale presents as yet, grave difficulties in the production 
of a suitable quality motor fuel. Judicious use of shale oil to extend our petro- 
leum reserves is feasible, however, and may be an accomplished fact when it 
becomes necessary to import appreciably larger amounts of petroleum. What the 
production rate could or would be depends upon so many intangible factors that 
little more can be said, other than that the potential reserves exist and will, no 
doubt, be exploited. 


NATURAL GAS 


Natural gas reserves which are mainly located in about 2 percent of the petro- 
leum producing fields are variously estimated at from 175 to 400 trillion cubic 
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feet. In the immediate past, gas has been discovered faster than it has been pro- 
duced, due to lack of pipe line facilities. Currently, gas is near the peak of with- 
drawal for optimum recovery, but there is every evidence that natural gas is 
being, and will be, consumed at an ever increasing rate, particularly for indus- 
trial power. There is no method of accurately estimating the probable period 
of useful life of known reserves since increases in rate of use is an unknown 
factor. At current rate of use, however, an outside expectancy of 65 years may 
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POTENTIAL WATER POWER 


Fic. 2. PoTeENTIAL WATER POWER IN THE UNITED STATES 


1 North Pacific 5 Missouri River 8 Hudson Bay 11 Ohio River 

2 South Pacific 6 Lower Mississippi 9 Upper Mississippi 12 Great Lakes—St. Lawrence 
3 Great Basin River River 13 South Atlantic 

4 Colorado River 7 Western Gulf 10 Eastern Gulf 14 North Atlantic 


be the order of magnitude. Most certainly, the actual period will be less than 
the 65-year figure. 


AToMIC ENERGY 


Energy produced by nuclear fission has developed another concept of prac- 
tically an inexhaustible energy source. This certainly is not true. We have 
not yet developed controls to the point where atomic energy can be transformed 
for domestic or industrial purposes, but the accomplishment is not an impossi- 
bility. The development of large scale atomic power will come slowly. As with 
any energy resource, it is dependent upon a fuel supply in the form of fissionable 
material which, like other fuels, is definitely limited in amount and vastly more 
expensive per unit weight, but undoubtedly competitive per unit of available 
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energy. Problems of control, energy transfer, protection, poisoning, waste dis- 
posal, and breeder operation must be solved before practical power generation 
is a reality. Following the development of the technology of the operation, 
attention must be given to the fuel sources of uranium and thorium which are 
limited in amount, although not entirely known as yet. Undoubtedly the inven- 
tory of atomic fuel will be classified information for sometime to come. Even 
most optimistic estimates, however, lead to the conclusion that nuclear fission 
as a source of energy will be a highly specialized one, having definite limita- 
tions and a probable transitory existence comparable to that of petroleum. 


TABLE 5—HypDROELECTRIC POWER IN THE UNITED StatTEs# 


DEVELOPED POWER 
Jan. 1, 1960 POTENTIAL POWER 
DRAINAGE AREA 
INSTAL- 1000 INSTAL- 1000 

LATIONS KWHR/YEAR LATIONS KWHR/YEAR 

North Atlioutic. ............ 89 7,407,400 237 27,879,200 
South Atlantic............. 49 3,420,000 143 15,133,500 
17 2,781,000 77 15,580,600 
46 15,131,500 142 42,219,400 
Great Lakes—St. Lawrence . 103 7,817,400 228 25,561,400 
Bay... 1 19,000 11 110,300 
Upper Mississippi........ .. 28 1,944,000 131 5,604,300 
26 3,406,800 172 44,424,300 
Lower Mississippi........ . 8 964,000 99 13,806,700 
Wester Gen... 9 628,000 61 3,607,005 
17 6,814,650 99 35,838,350 
CO. 23 934,000 59 3,810,100 
South Pacific.............. 70 12,411,000 259 50,716,000 
North Pactie............. 66 23,432,000 645 193,918,700 
552 87,111,350 2,363 478,209,855 


It is pertinent to mention that, in one respect, atomic energy is unique. It is 
the only energy source in the discontinuous category which does not depend 
upon a fossil fuel, and, accordingly, uses the only fuel which is inorganic. 


GENERAL SUMMARIZATION OF DISCONTINUOUS ENERGY SOURCES 


There is a mass of detailed information regarding our discontinuous sources 
of energy which lead to various conclusions. Pertinent factors have been 
sketched in only a very brief manner. Even from a superficial examination, 
however, certain important trends may be recognized and stated as follows: 


1. The fuels of our discontinuous sources of energy are finite in amount and the 
cream has already been consumed. 

2. Our coal reserves are large, but the practicable amounts of recovery depend upon 
location, nature of bedding, and price. The ultimate, economical, recoverable reserve 
has not yet been determined. 

3. The physical state of petroleum and its role as a portable fuel has caused marked 
increase in consumption. 

4. Oil from shale is a definite possibility, but its competitive position has yet to 
be determined. 
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5. Substitution of one fossil fuel for another appears inevitable with the passing 
of time and synthetic liquid fuels have a definite role to play in the pattern of the 
future. 

6. Extensive importation of petroleum appears to be an immediate consideration. 

7. Ultimate life of our fossil fuels is a conjecture and the depletion of one accelerates 
the depletion of the others. Substitution through synthesis (as oil from coal) involves 
tremendous energy losses which further accelerate depletion. 

8. Within the coming century, the fuel situation as we now know it will not exist. 

9. The stage is set for real consideration of our continuous sources of energy. 


WaTER POWER 


The most completely developed of our continuous sources of energy is water 
power. In the minds of many, particularly the people in the favored northwest 
area, our water resources are considered all-important. Purely theoretical con- 
siderations of all rainfall of the earth (average 36 in. per year) raised to a 
mean land elevation (2400 ft) and wholly utilized, would produce some 360 
trillion horsepower-hours per year. This represents approximately 14 times our 
present total world energy requirements (aproximately 12 trillion horsepower- 
hours for U. S. or 24 trillion horsepower-hours for the entire world). Reliable 
engineering analyses indicate that perhaps not more than 6 trillion horsepower- 
hours is a practical maximum which might ultimately be developed. Of this 
practical potential, only about 0.7 trillion horsepower-hours is currently installed. 
Table 5 presents the installed and potential water power of the U. S. by drain- 
age areas, and Fig. 2 illustrates the same information. 

The total U. S. hydropotential of approximately 105 million kilowatts with 
production of approximately 500 billion kilowatt-hours per year, amounts to only 
between 5 and 6 percent of our present energy demand and the percentage will 
decrease as the total national demand increases with the years. It is also evident 
that the world contribution of hydro to world energy demands will probably 
not exceed the 6 percent figure. Accordingly, the major virtue of hydro-electric 
power is the fact that it is a continuous source of energy, essentially free from 
the standpoint of consumption of our natural resources. As such, it should, in 
the public interest, be exploited to the maximum extent feasible. 


PARTIAL RECAPITULATION 


Thus far, and in a very brief manner, the usual sources of energy have been 
discussed; coal, petroleum, oil shale, natural gas, and atomic energy under the 
discontinuous sources and hydroelectric power under the continuous sources. 
Since these six energy sources provide for current usage, it is well to sum- 
marize the national production picture as provided by the U. S. Bureau of Mines 
figures for 1947. The 1947 figures are essentially those of today with an expan- 
sion of usage of petroleum and natural gas at the expense of coal as illustrated 
by the most recent data presented in Fig. 3. Tables 6, 7, and 8 present the 1947 
inventory, with Table 6 giving the individual supply figures by production 
sources. It must be recognized that part of the production from one source in 
Table 6 is used to produce energy credited to another source such as coal to 
manufactured gas or crude oil to refineries. It is necessary to correct Table 6 
to avoid double counting, and the corrected values appear in Table 7. 
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TABLE 6—ENERGY PRODUCTION AND Import Data For 19475 


U. S. BuREAu OF MINES CIRCULAR 7582 
VALUES Bru 


PRODUCED IMPORTED TOTAL 


8 16,540 
1,556 
585 11,727 
6,074 

610 
Coke Oven 2,592 
Manufactured Gas 507 507 
Refineries 11,902 
4,386 


55,894 


Table 7 does not present the true picture of the energy which goes to the 
ultimate consumer because the energy producing industries themselves are large 
consumers of energy. It is desirable to trace transactions of energy exchange, 
and account for the quantity of energy consumed in all categories by each energy 
producing industry, the remainder of such production being that which actually 
reaches consumers outside of the energy production circle. Table 8 presents 
such breakdown. 

It is evident from Table 8 that energy producing industries themselves con- 
sume an appreciable amount of their production. Such consumption does not 
reflect the additional large allowance which is consumed in energy transport by 
railroads, tankers, etc. 

By detailed procedure of tracing and evaluating energy consumption by groups 
or commodities, it is possible to apportion the energy distribution as well as 
to estimate future energy consumption in terms of production trends. The 


TABLE 7—PRIMARY ENERGY SUPPLY—PRODUCTION AND IMPORT DATA 
For 19475 


U. S. BuREAuU OF MINES CIRCULAR 7582 
VALUES 10 Bru 


PERCENTAGE 
SouRCE PRODUCED IMPORTED TOTAL TOTAL 


Bituminous Coal 16,540 44 
Anthracite Coal 5 1,556 
Crude Oil 11,727 31 
Natural Gas j 6,074 16 
Natural Gasoline — 
Coke Oven 3 
Manufactured Gas.......... 
371 
Electric Power 

Hydro-generated.......... 1,439 

Fuel-generated 


36,721 37,710 


54,905 989 | 
— 
Totals... | | 100 
| 
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TasBLeE 8—ENERGY DISTRIBUTION FoR 19475 


U. S. BuREAu OF MINES CirRCULAR 7582 
VALuEs 10" Btu 


PERCENT OF 
Source or Use ENERGY Primary Supply 


Use and Loss—Energy Producing Industries 
Use and Loss—Non-Energy Producing Economy: 
Bituminous Coal 
Anthracite Coal 
Crude Oil (Exports Only) 
Natural Gas 
Coke Oven 
Manufactured Gas | 
Electric Power 327 | 9 


100 


Bureau of Mines studies provide a wealth of detail and only one specific case 
of a free-enterprise, free-choice economy is presented in Table 9 to compare 
1947 energy figures with the projected figures of 1965. 


TABLE 9—ENERGY CoNSUMPTION BY CONSUMERS FoR 1947 anv 1965 EstimatTE® 


U. S. BuREAU OF MINES CIRCULAR 7582 
VALUES 10! Btu 


1947 
CONSUMER 


| oF 
/o 
% Tota | ENERGY | % Tota | INCREASE 


Energy Producing Industries 5,5 , 16.8 

Manufacturing (1939 Census Groups) —— — 
Iron and Steel 
Chemicals 


— WROD 


Stone, Clay, Glass............... 
Food and Allied 

Paper and Allied 

Nonferrous Metals............... 
Other Mfg 


Total... 
Bunker 


| 000 | 


Household, Commercial and 
Other Domestic Fuel and Power 


<1 00 


Co 


Domestic Chemical, Lubes, etc 
Exports 


S| 


48,539 


| 1965 
48 
| 45 
| 99 
Te 396 21 
899 42 
700 27 
654 32 
481 80 
1,220 62 
8,990 55 
3,736 —45 
803 16 
80 
Total. .. 38.7 | 20,426 40 
969 2.6 1,372 42 
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There are many conclusions which could be drawn from the available data, 
but the most significant appears to be the probable increases in an 18-year period 
of a 30 percent demand upon our energy resources. Projected, these figures 
would infer an energy consumption doubling in each 50 years, which, in turn, 
infers a U. S. energy consumption in the year 2000, equal to the current con- 
sumption of the entire world, or, say, 25 trillion horsepower-hours per year. 
It would also appear that in terms of such large demand, real attention should 


18991904 1909 1913 1820 1925 1930 1935 


Fic. 3. EnNnercy ProDUCTION IN THE UNITED STATES 


be directed toward substitution of the continuous sources of energy for the dis- 
continuous, if for no other reason than national conservation. 


ENERGY FROM VEGETATION 


It is currently estimated that wood is consumed as fuel to the extent of about 
a trillion horsepower-hours per year and that the world power consumption 
could be provided by about 3 million square miles of forest, or about 5 percent 
of the land area of the earth. Actually, the earth produces about 30 billion tons 
of vegetation which would be equivalent to some two and one-half times our 
world energy requirement. The direct use of vegetable matter, however, is 
difficult from an economic standpoint, primarily because of the labor involved 
in harvesting and the necessity of storage. As our economy depends more and 
more upon regulated cropping of forest resources, and dependable supplies of 


| 
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waste wood at fixed locations develop, we will no doubt make better use of 
wood as a fuel source. 

Indirectly, the production of alcohol or other hydrocarbon materials from 
vegetable matter affords a field of exploitation which gives energy in trans- 
portable form as liquid fuel. Subject to the priority of food crops, vegetable 
matter could, and undoubtedly will, be grown and converted to liquid fuel. One 
ton of dry wood yields about 84 gal of alcohol. Wood, as well as coal, can be 
converted to gas for conventional synthesis to gasoline and other hydrocarbons. 
From an economic standpoint, it would be more reasonable to convert wood into 
gasoline upon a strictly thermal basis. Much depends upon uses of alcohol other 
than fuel, however, and, in addition, upon the use of lignin, waxes, and other 


Tas_E Sources oF ENErGy! 


TRILLION HORSEPOWER-HOuRS 
SouRcE PER YEAR 
PROBABLE 100 YEARS HENCE 
41.9 


by-products of the wood sugar fermentation process. Both conversions of 
wood will undoubtedly, play a distinct part in the future. 

In connection with generalized usage of vegetable substances, photosynthesis 
research holds possibilities for greatly accelerated rates of growth through the 
catalytic reaction of carbon dioxide and water. It is highly probable that a 
constantly renewable source of energy of some magnitude may result from such 
researches. 


SoLtar ENERGY 


Essentially, all energy, continuous and discontinuous, stems from an atomic 
source, and but for a very few exceptions, is transmitted and captured through 
solar radiation. The largest energy source is the sun from which we receive 
only a small fraction of the radiation. Even this small fraction is 10° times 
our total energy requirement. About half of the intercepted radiant energy 
is reflected back into space by our atmosphere and another third of the remainder 
by the earth’s surface. Part of the unreflected energy is fixed by plants and 
utilized in evaporation of water, and the remainder is re-radiated at night. Effec- 
tive utilization of solar energy is essentially a problem of preventing such re- 
radiation by trapping the solar radiation in some usable form. 

It is quite possible, at very low efficiencies, to convert solar radiation to elec- 
trical energy via thermoelectric means and new alloys have recently raised 
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efficiencies to as high as 5 percent. Likewise, photoelectric conversion holds 
definite possibilities. Primarily, however, solar energy potential is raised by 
optical systems and several such systems have been projected. High temperature 
production as well as low pressure power systems are a distinct possibility, and 
some estimates have been prepared as to costs and the land areas involved. 
Night storage of solar energy and storage to meet peak demands are difficult 
but surmountable problems. Direct use of solar heat by solar collectors built 
directly into dwelling structures has been the subject of extensive experimen- 
tation and is entirely feasible as a heating system, particularly since new glasses 
have been developed to permit higher efficiencies of energy transmission. It is 
considered that, south of latitude 40, houses can now be designed and built to 
require no fuel for domestic heat and hot water and that the overall cost over 
the life of the structure is comparable to that of the conventional dwelling with 
its yearly fuel bill. 


WIND PowER 


The experiments at Grandpa’s Knob, Vermont, and other less comprehensive 
experimentation have indicated possibilities of air movement as a source of 
power. Variable wind velocities pose difficulties, with winds below 20 mph being 
of little practical use, and winds over 30 mph presenting serious structural diffi- 
culties. Storage of power for peak demand is a difficulty, and any installation 
would have to be integrated with an interconnected power grid to be practical. 
Investment costs have been figured at about $68 per kilowatt. Although not of 
probable great importance, wind power experimentation still continues. 


EartH HEAT 


The earth radiates more heat than it receives from outer space. This heat 
comes from the hot interior of the earth (variously estimated at from 2,000 to 
20,000 deg C) and is about 250 trillion horsepower hours per year. No practical 
plan has so far been developed to use earth heat, except in those few locations 
where vulcanism brings high temperatures close to the surface and where vol- 
canic steam is present. The largest installation is in Italy, where about 170 
million horsepower-hours per year are generated. This plant has recently under- 
gone extensive expansion. The engineers of the future will perhaps conceive 
more plausible ideas for the utilization of earth heat than they have in the 
past, for a large storehouse of energy is present if it can be tapped in a practical 
and economic manner. 


PowER 


Tidal power is one of the non-atomic sources of energy, and, if totally harnessed, 
might provide about half of the total energy requirement of the world. There 
are, however, only a few points on continental shores which appear to justify 
installations. Of the dozen or so probable locations, a few are very interesting 
and the potential appears to justify future plants of some appreciable magnitude 
at these sites. For example, the Severn River in the British Isles, Passama- 
quoddy, and the Bay of Fundy, Canada, are distinct probabilities. These three 
projects alone might produce about 24 million horsepower-hours per year. The 
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absolute practical potential of tidal power as now conceived could not exceed 
0.5 percent of our world requirement. 


TROPICAL WATERS 


Because of the difference in temperature between the surface and depths of 
tropical waters, a power potential exists which has been the subject of extensive 
study. A plant of 7,000 kw capacity is being constructed on the coast of French 
West Africa, and only recently an expansion of this operation has been pro- 
posed. It appears reasonable that supplemental power installations using water 
temperature differentials will be constructed, but the total magnitude will not 
be large due to restricted locations. The total generation, however, may probably 
exceed that from tidal power. It is quite possible that total power from tropical 
waters could eventually equal that of total hydro at the present time. 


Heat Pump 


Although it is designated as an energy source, the heat pump or reversed cycle 
heating is a mechanism by which the difference in temperature between atmos- 
phere and earth is used for deriving power usually as heat energy. Since the 
heat pump is a mechanism and not a source discussion of it should be limited 
to a single simple statement. Extensive studies have greatly improved tech- 
niques in use of the heat pump. Today both the equipment and ability are avail- 
able to take advantage of situations in which invested energy can be made to 
yield an increased increment where earth or water heat sources are adequate 
and the economies are favorable. In the future heat pump installations may 
yield an increment of energy, perhaps as high as 0.2 trillion horsepower-hours 
per year. 


CoNCLUSIONS 


The foregoing by necessity is a very brief coverage of the subject of energy 
sources. Combined with the detail of many studies, however, it would appear 
that certain conclusions are warranted, specifically : 


1. With the exception of hydro-electric power, our energy comes from discontinuous 
sources, the fuels of which are finite in amount. 

2. That our economy is expanding in proportion to our energy use, and we can 
expect greater demands upon our energy sources. 

3. That, while there are ample and available sources of energy to provide for our 
immediate requirements, and that such sources can be expanded to an appreciable 
degree, they are nevertheless, finite. 

4. In the interest of future generations as well as in the interest of true conserva- 
tion, we should hoard our fossil fuels wherever possible, particularly petroleum. 

5. To conserve our fossil fuels infers substitutions of one discontinuous source for 
another and continuous sources for the discontinuous ones. 

6. That there are distinct possibilities of greater development and use of continuous 
sources of energy which Ayres! has estimated as probable within 100 years as shown 
in Table 10. 

7. That energy sources, limitations, and locations may well influence our living 
patterns through change in architectural design, industrial locations, comparative price 
of fuels, and the development of more integrated energy systems. 
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8. In addition to development of new sources of energy, we have much to accomplish 
by way of improvement in use of currently developed sources through higher efficien- 
cies of utilization, transport, and conversion. 

9. That periodic inventory of our energy resources is just as important as for other 
natural resources. 

10. That we should be willing to pay a premium now in terms of research and devel- 
opment to effect conservation of our least adequate in amount, but most useful in form 
sources of energy. Such research as shale oil recovery, liquid fuels from coal, utili- 
zation of vegetable wastes, etc., should continue to receive adequate public support. 

11. That we should direct conservation effort preferentially to areas of largest 
consumption such as space heating and provision of process heat. 

12. That, in the public interest, we should eliminate wasteful processes where con- 
servation could be effected by substitution even if such substitution results in a 
temporary economic disadvantage. 


REFERENCES 


1. Major Sources of Energy, by E. Ayres (28th Annual Meeting of the API, 
Chicago, Ill, November 9, 1948). 

2. World Crude Production, by Dall M. Duff (Oil and Gas Journal, January 25, 
1951, p. 175). 

3. Petroleum Industry Has Definite Role in Synthetics Development, by J. Boyd 
(Petroleum Refiner, Vol. 29, December, 1950). 

4. A Water Policy for the American People (The President’s Water Resources 
Policy Commission, Vol. 1, 1950, p. 241). 

5. Energy Uses and Supplies, 1939, 1949, 1965, by Harold J. Barnett (U. S. Bureau 
of Mines Information Circular 7582, p. 9). 


BIBLIOGRAPHY 


The National Fuel Situation, by A. C. Fieldner (Engineering Experiment Station 
News, Ohio State University, Vol. 23, February 1951). 

Diesel Engines or Gas Turbines for Locomotives, by N. C. Dezendorf (Round 
Table Discussion, VII Pan-American Railway Congress, Mexico City, October 10-20, 
1950). 

Atomic and Solar Energy, by F. Daniels (American Scientist, Vol. 38, October 
1950). 

Energia Geo-Termica, by A. Fillipponi (Scientia, Vol. 17, September 1950). 

M.1.T. Symposium—Space Heating with Solar Energy (August 21-26, 1950) in- 
cluding: 

Introductory Lecture, by H. C. Hottel. 

Variables Affecting Solar Incidence, by L. B. Anderson. 

The Importance of Solar Energy, by E. Ayres. 

Climatic Considerations of Solar Energy for Space Heating, by P. A. Siple. 

Diathermanous Materials and Properties of Surfaces, by A. G. H. Dietz. 

The Performance of Flat-Plate Solar Energy Collectors, by H. C. Hottel. 

The Performance of Solar Energy Collectors of Overlapped, Glass Plate Type, by 
G. O. G, Léf. 

Design and Construction of Solar Houses, by G. F. Keck. 

Selected Results from Design Study—Solar Heated House in Denver, Colo., by 
G. O. G. Léf. 

Architectural Problems, by L. B. Anderson. 

Energy Transport to Storage, by A. L. Hesselschwerdt. 


| 
| 
| 
| 
i 
| 


540 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


Weather and Storage Factors, by A. G. H. Dietz. 

Engineering and Control Problems, by A. L. Hesselschwerdt. 

A.S.H.V.E. Research on Heat Flow Through Glass and its Application to Space 
Heating by Solar Energy, by G. V. Parmelee. 

Heat Pump System Employing Storage and Using Auxiliary Heat, by E. R. 
Ambrose. 

Performance of the M.I.T. Solar House, by A. L. Hesselschwerdt. 

Heat ot Fusion Solar Heat Storage—The Dover House, by Dr. Maria Telkes. 

Eighth Semi-Annual Report of the Atomic Energy Commission, July 1950. 

A Projection of Oil Discovery from 1949 to 1965, by G. R. Hopkins (Journal 
Petroleum Technology, June 1950). 

Look Ahead at our Energy Sources and Resources, by E. Ayres( Chemical Engi- 
neering, Vol. 57, May 1950). 

Process Energy, by Staff, et al (Chemical Engineering, Vol. 57, May 1950). 

Cost of Synthetic Fuels (Staff Report, Chemical and Engineering News, Vol. 28, 
April 10, 1950). 

Plant Research in the Phytotron, by A. J. Hess (A.S.H.V.E. Transactions, Vol. 
56, 1950, p. 347). 

The Steam and Steel Complex and International Relations, by A. P. Usher (Tech- 
nology and International Relations, edited by W. F. Ogburn, 1949). 

Atomic Structure and Energy, by J. R. Dunning (American Scientist, Vol. 37, 
October 1949). 

Report on the Long-Term Availability of Petroleum, by L. F. McCollum, et al 
(Report API National Oil Policy Committee, Vol. 21, August 1949). 

Report on the Long-Term Availability of Petroleum (Petroleum Engineer, Vol. 
21, August 1949—Sub-Committee Report, Oil Policy Committee, API). 

Air Conditioning with the Heat Pump, by E. B. Penrod (American Scientist, 
Vol. 35, October 1947). 

Energy and Vision, by S. Hecht (National Sigma Xi Lecture, American Scientist, 
Vol. 32, July 1944). 

Recent Developments in Power Generation, by L. S. Marks (National Sigma Xi 
Lecture, American Scientist, Vol. 30, July 1942). 


In Memoriam 1951 


NAME 

William W. Allen, Jacksonville, Fla. 
William H. Ballman, Baltimore, Md. 
Louis N. Beers, Tucson, Ariz. 

John G. Blanchard, Cincinnati, Ohio 
Isaac M. Bortman, Washington, D. C. 
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Robert P. Whitmer, Bloomington, III. 1935 
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James F. McIntire 


1882-1951 


AMES F. McINTIRE, former president of the United States Radiator 
g Corp., and a past president and Life Member of the Society, died June 18, 
in St. Petersburg, Fla. He was one of the leading figures in the industry and 
was extremely active in A.S.H.V.E. work both nationally and in the Michigan 
Chapter. 


Born on July 13, 1882 in Farmer City, Ill., Mr. McIntire was graduated with 
a B.S. degree from the University of Illinois in 1907. He began his business 
career with J. S. Farrell and Co., Indianapolis, Ind., as superintendent of the 
plumbing and heating departments. He then was engaged by the United States 
Heater Co., as salesman, engineer, and draftsman, remaining with that company 
until June, 1910, when he joined the United States Radiator Co. His first assign- 
ment was on boiler design and test engineering and marked the start of an 
outstanding career, which included service as chief engineer from 1918 to 1924, 
as vice president for many years, and which was climaxed in 1945 with his 
election as president. Mr. McIntire supervised the Corporation’s research activi- 
ties and also served as the firm’s representative to I=B=R, assisting in the formu- 
lation of numerous codes and regulations. 


He retired from United States Radiator in 1948, but continued to serve in an 
advisory capacity. Mr. McIntire was recognized as an authority on cast-iron 
boiler design, and was one of the pioneers in developing new radiator types. 


Mr. McIntire joined the Society in 1914 and served as second vice president 
in 1937, first vice president in 1938, and president in 1939. In addition, he was 
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a member of the Council for nine years and served on many committees. Among 
these were the following: 


1918-24 Code for Testing Low Pressure Heating Executive Committee of Committee on 
Boilers Research 
To Confer with A.S.M.E. Boiler Code TAC on Radiation—Direct and Indirect 
Committee on Heating Boilers Committee on Definitions 
Code of Minimum Requirements for Nominating Committee—Michigan Chap- 
Heating and Ventilation of Buildings ter representative 
Sub-Committee VII—Heating Boiler Ca- 1932-38 Committee on Research 
pacity (chairman—1923) Executive Committee of Committee on 
Code of Heating and Ventilating Research 
Sub-Committee VI—Heating Boiler Ca- TAC on Gas Heating Equipment 
pacity (chairman—1924) Chapter Relations 
Code for Testing and Rating Concealed 
1925-31 Guide Publication Gravity Type Radiation 
Code for Testing Low Pressure Heating Meetings 
Boilers TAC on Direct and Indirect Radiation 
To Confer with A.S.M.E. Boiler Code with Gravity Air Circulation 
Committee on Heating Boilers Nomenclature 
Code of Heating and Ventilating Finance (chairman 1937 and 1938) 
Sub-Committee VI—Heating Boiler Ca- A.S.H.V.E. Standard Code for Testing 
pacity (chairman) Stoker-Fired Steam-Heating Boilers 
Finance Radiation with Gravity Air Circulation 
TAC on Radiation 1P-9 
Executive F. Paul Anderson Award Committee 
Rating and Selection of Low-Pressure (chairman——1938) 
Heating Boilers 1939-43 To Study Method of Selecting Society 
Sub-Committee on Load Determination Officers and Council Members 
and on Chimney Selection TAC on Radiation with Gravity Air 
Advisory Committee on International Circulation 
Heating and Ventilating Exposition Executive (chairman—1940) 
Committee on Research F. Paul Anderson Award 


The Council expressed the sorrow of the Society and paid tribute to Mr. 
McIntire’s memory in the following resolution: 


In memory of James F. McIntire, who served THE AMERICAN SoclETy OF HEATING 
AND VENTILATING ENGINEERS as President in 1939, we, the members of Council, 
record with sorrow his untimely death June 18, 1951 at St. Petersburg, Florida. 

He joined the Society in 1914, and served it long and faithfully as an officer, as the 
Chairman or member of many of its committees. 

We pay tribute to him for his leadership, his farsighted and wise counsel which 
was important in the growth and progress of the Society. 

As an engineer, executive and loyal member devoted to the advancement of his 


profession we salute his memory. 
And, we offer our sincere and heartfelt sympathy to his wife and family whose grief 


we share. 


For nearly four decades Mr. McIntire was an active and interested member 
who participated in many of the Society’s activities that are counted as mile- 
stones in its progress. He was a vital force in its research and code work and 
served ably in both administrative and financial capacities. 


Services were held for him in St. Petersburg and interment was in that city. 
Mrs. McIntire survives and the sincere sympathy of the Society was extended 
by the Officers and Council. 
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